This study is based on an integrated approach combining results from petrology, geophysics and modeling to explain the origin of continental alkaline magmatism in the Turkish-Iranian plateau (TIP). Synthesis of the petrological and chemical characteristics of the alkaline magmatism of the TIP, extending from 80 Ma to the present, shows that the alkaline lavas can be classified as ultrapotassic (UK), transitional potassic to sodic (TK) and sodic-high-potassium (HK) and sodic-lowpotassium (LK) lavas, all derived from a heterogeneous mantle source. Synthesis of the most recent seismic tomography images for the region shows the presence of a large set of low-velocity elliptical bodies, $100 km in size, referred to as 'Compaction Pockets' (CP), scattered from the top of the mantle transition zone (MTZ) to the base of the lithosphere beneath the TIP. A model is developed, which shows that the low velocities in these Compaction Pockets result from the percolation and concentration of volatile-rich melts liberated from the MTZ. These volatile-rich melts interact with their surrounding mantle, which has a temperature $100 C lower than the usual subcontinental mantle adiabat. It is argued that this results in the precipitation of hydrated and carbonated mineral phases (at $8-6Á5 GPa and <4 GPa, respectively), and partial melting of the resulting heterogeneous mantle (6Á5-4 GPa) at critical depths. Melt extraction via dykes occurs when the top of the Compaction Pocket successively crosses these critical depths. The three groups of UK, sodic-LK and sodic-HK lavas may be linked to distinct melt extraction events. The chemical composition of TK melts may result from the mixing of UK and sodic melts, or partial melting of metasomatized mantle at lithospheric depths. The 'Compaction Pocket' model offers a robust new concept to explain alkaline magmatism in the context of continental orogeny.
INTRODUCTION
Alkaline igneous rocks are derived from silicaundersaturated and alkali-rich parental magmas (Yoder variety of tectonic settings including oceanic and continental hotspots, continental shields and, to a lesser extent, in orogenic belts (Morgan, 1971; Streckeisen, 1979; Fitton & Upton, 1987; Foley et al., 1987; Wilson, 1989; Mitchell & Bergman, 1991; Rock, 1991) . In orogenic belts, there is typically a wide range of compositions of alkaline rock from potassic to sodic. Geochemical data and experimental petrology support the view that their parental melts derive from an uncommon, heterogeneous mantle source. Accordingly, several scenarios have been proposed to explain the origin and diversity of alkaline magmas, including the following: (1) partial melting of metasomatized mantle along a slab-mantle wedge interface (Foley, 1994; O'Brien et al., 1995; Ulmer, 2001; Tumiati et al., 2013) ; (2) upwelling and underplating of enriched hot mantle beneath the lithosphere (Hole et al., 1994; Ö zdemir & Gü lec¸, 2014; Prelevi c et al., 2014) ; (3) re-melting of previously underplated magmas or metasomatized lithosphere (Bonin et al., 1998; Avanzinelli et al., 2009) ; (4) a combination of these scenarios (e.g. Prelevi c et al., 2008 Prelevi c et al., , 2010 . A hot asthenospheric upwelling is often invoked to explain highly sodic characteristics and ocean island basalt (OIB)-like trace element patterns, enriched in high field strength elements (HFSE; Nb, Ta, Ti) . In contrast, the origin of potassium-rich alkaline magmas is more controversial. Petrological and experimental studies show that a potassium-rich melt could result from the modification of the mantle during processes removing or adding chemical components: for example, the addition of subducted sediments or K-rich mineral phases (e.g. phlogopite) at shallow depths (less than 150 km) (Hawkesworth et al., 1993; Conceic¸ão & Green, 2004; Fumagalli et al., 2009; Tumiati et al., 2013; Condamine & Mé dard, 2014; Condamine et al., 2016; Fö rster et al., 2016) . Moreover, it is well documented that subductionzone processes add significant amounts of alkali elements (K, Rb, Ba), CO 2 and H 2 O to the mantle transition zone (MTZ; Angel et al., 2001; Rü pke et al., 2004; Rapp et al., 2008; Grassi et al., 2012; Burnham et al., 2015; Thomson et al., 2016; Palot et al., 2017) . Experimental studies also show that at equivalent depths to the MTZ, melts have a composition extremely rich in potassium and volatiles (Ulmer & Sweeney, 2002; Rapp et al., 2008; Grassi et al., 2012; Kuritani et al., 2013; Litasov et al., 2013; Novella & Frost, 2014) .
Outcrops of alkaline lavas are widespread within the Mediterranean and surrounding regions (Wilson & Bianchini, 1999; Lustrino & Wilson, 2007; Lustrino et al., 2011) . The Turkish-Iranian Plateau (TIP) occupies a significant median portion of the Alpine-Himalayan orogenic belt. It is an ideal place to study the genesis of alkaline magmatism in an orogenic belt context because the history of the Tethys subduction beneath this region is relatively well constrained. In this study, we make a synthesis of the petrological and chemical characteristics of the alkaline magmatic activity of the TIP extending from 80 Ma to the present, based on data from about 300 previous publications. As the petrographic classification schemes are variable from one publication to another, we considered only published geochemical analyses and geochronological data, when available, to build a self-consistent database. This synthesis allows us to highlight, based on objective criteria, the large variety of potassic and sodic alkaline magmatic affinities in the TIP, together with their geographical distribution and chronology of emplacement.
The mantle sources of potassic and sodic lavas are usually explained by the classical scenario proposed for orogenic belts; that is, melting of metasomatized lithosphere for the former, together with hot asthenospheric upwelling for the latter. However, among the potassium-rich rocks of the TIP, some lavas (e.g. lamproites) are characterized by high Mg-numbers and low silica contents as well as extremely high contents of large ion lithophile elements (LILE; e.g. K, Rb, Th, U) and low contents of HFSE (e.g. Nb, Ta, Ti) . Until now, rocks with these characteristics have never been robustly linked to mantle sources located at shallow depths. Here, we propose a physical model for the formation of such alkaline lavas that involves deep, potassic mantle sources. The model is based on petrological and geophysical data for the region and on the long history of the Tethys subduction ($300 Myr), which probably led to the accumulation and density stratification of stacked stagnant slabs in the MTZ. We start by summarizing the general geology and magmatism of the TIP. We then review existing geophysical and GPS data and interpret the presence of low-velocity anomalies in the upper mantle as CP linked to the presence of volatile-rich melts or hydrous mineral phases. A model is then proposed for the generation of compaction waves from mantle melts originating at the top of the MTZ and for the development and migration of CPs. Finally, we discuss the link between these CPs and the observed distribution and chemical composition of the alkaline volcanism (< $11 Ma); we show that large CPs may also explain the distribution and chemical composition of older magmatism (80-10 Ma) throughout the TIP.
GENERAL GEOLOGY OF TURKISH-IRANIAN PLATEAU (TIP)
Somkheto-Karabagh mountain belt and the SanandajSirjan zone (SSZ) parallel to the Izmir-Ankara-Erzincan (IAE), the Lesser Caucasus and the Zagros Sutures, respectively (Adamia et al., 1977 (Adamia et al., , 2011 S¸engö r & Yilmaz, 1981; Yılmaz et al., 2000; Hassanzadeh & Wernicke, 2016) . Some researchers argue that Neo-Tethys subduction was active even later, from the Late Cretaceous into the Cenozoic, beneath the Sakarya terrane (Pontides), the Armenia block and the Iranian plateau, along the IAE, the Lesser Caucasus and the Zagros Suture (Berberian & King, 1981; Alavi, 1994; Agard et al., 2005 Agard et al., , 2011 Ghasemi & Talbot, 2006) . A consensus has progressively emerged that the collision between Arabia and the Iranian Plateau occurred from $30 to $10 Ma (McQuarrie et al., 2003; Francois et al., 2014) and that this led to a decrease in convergence rate by 30% from 13 to 5 Ma (Austermann & Iaffaldano, 2013) . However, along the central and southeastern part of the Zagros Suture, plate boundary processes (e.g. delamination, slab break-off or subduction) appear to be still active (Agard et al., 2011; Mohammadi et al., 2013; Francois et al., 2014) . To the east, in the Bitlis region, such processes are also active, but the most likely process is the delamination of the Arabian plate (e.g. Gö gü s et al., 2011) . Parallel to the Lesser Caucasus, a linear zone of recent magmatism has been interpreted in terms of delamination of the underlying continental lithosphere (e.g. Neill et al., 2015) .
The TIP is characterized by widespread (up to 500 km in extent) and long-standing (200 Ma to present) magmatism, classically divided into four magmatic periods. Period 1 (Jurassic to Cretaceous) is characterized by abundant calc-alkaline plutonic rocks (Khalaji et al., 2007; Hassanzadeh & Wernicke, 2016) and period 2 (Late Cretaceous to Paleocene) by widespread tholeiitic volcanism (e.g. Khalatbari Jafari et al., 2016), intracontinental intrusions (i.e. A-type granitoids; Boztu g et al., 2007; Karsli et al., 2012a) and alkaline volcanism (Aghazadeh et al., 2015; Doroozi et al., 2016) . Period 3 (Early to Middle Cenozoic), widely referred to as a magmatic 'flare-up', consists of widespread high-K calcalkaline to transitional alkaline lavas and related subvolcanic intrusions (Vincent et al., 2005; Boztu g & Jonckheere, 2007; Arjmanzadeh et al., 2011; Verdel et al., 2011; Asiabanha & Foden, 2012; Karsli et al., 2012b; Pang et al., 2013a; Beydokhti et al., 2015; Ahmadian et al., 2016; Moritz et al., 2016; Deevsalar et al., 2017) . Period 4, active since the Late Cenozoic, is characterized by alkaline lavas (Pearce et al., 1990; Wilson et al., 1997; Aydin et al., 2008; Liotard et al., 2008; Lustrino et al., 2010; Mirnejad et al., 2010; Saadat et al., 2010; Saadat & Stern, 2012; Allen et al., 2013; rocks. The Cenozoic magmatism, mainly attributed to an orogenic setting, has adakitic to alkaline affinities and occurred during the Eocene (periods 2 and 3) and the Middle Miocene-Pliocene (period 4) (e.g. Aydin et al., 2008; Karsli et al., 2010 Karsli et al., , 2011 Eyuboglu et al., 2012) .
East Anatolia (EA)
The EA magmatism is also widespread: it occurs from the Erzurum-Kars Plateau (EKP) to the north to the Bitlis Suture to the south (Fig. 1) . It consists of 300-350 m of Plio-Quaternary subaerial lava flows and pyroclastic deposits (period 4) covering a huge area of about 15 000 km 2 (i.e. Suphan, Nemrut and Bingol volcanoes). The chemical affinities range from mildly alkaline to calc-alkaline (e.g. Pearce et al., 1990) , with some reports of tholeiitic compositions (e.g. Ö zdemir, 2016). On the southern side of the Bitlis Suture, Plio-Quaternary mafic lavas associated with the Karacadag volcano have alkaline compositions (Pearce et al., 1990; Lustrino et al., 2010; Ekici et al., 2014) . A region of intense, recent volcanic activity located to the north of Bitlis Suture has been related to gradual rollback of the Bitlis slab and its subsequent break-off, thereafter responsible for the widespread volcanism and uplift of the region (S¸engö r et al., 2003; Keskin et al., 2008; Skobeltsyn et al., 2014) .
The Lesser Caucasus-NW Iran
Voluminous magmatism, dated from 80 Ma to the present, extends north-south from the Lesser Caucasus to the Arabian foreland. Late Cretaceous to Eocene transitional high-K calc-alkaline to potassic lavas and pyroclastic deposits (period 3) interlayered with sedimentary sequences follow the Lesser Caucasus, the Armenia block and the Talysh Mountains in the NE border of NW Iran (Vincent et al., 2005) . Eocene to OligoMiocene lavas and associated plutonic rocks (period 4) with high-K calc-alkaline or potassic affinities occur only in Armenia and the NW of Iran (Aghazadeh et al., 2010; Castro et al., 2013; Moritz et al., 2016) . Plio-Quaternary eruptions (younger than 3 Ma) are mainly exposed in the south of the Armenia block parallel to the Lesser Caucasus Suture and consist of medium-to high-K calcalkaline mafic to intermediate lavas and pyroclastic deposits (e.g. Neill et al., 2015) . In the NW of Iran, PlioQuaternary volcanoes (Sabalan and Sahand) are characterized by intermediate to felsic lavas; pyroclastic eruptions have calc-alkaline compositions with adakitic affinity (Ghalamghash et al., 2016; Pang et al., 2016) . To the north of the Sabalan volcano, magmatic activity with ages ranging from 80 to 11 Ma is dominated by alkaline ultrapotassic and potassic compositions (Aghazadeh et al., 2010 (Aghazadeh et al., , 2015 . To the south of the Tabriz fault, evidence of volcanic eruptions is limited; their ages range from 11 Ma to the present (period 4). The 11 Ma lavas have an alkaline potassic to ultrapotassic composition (Pang et al., 2013b; Shafaii Moghadam et al., 2014; Aghazadeh et al., 2015) .
Alborz
The Alborz magmatic belt crops out parallel to the southern margin of the Caspian Sea. It is c. 600 km long and 100 km wide, extending from the Caucasus-NW Iran to the NE of Iran in Kopet Dagh. Cretaceous to Eocene volcanic activity occurred in the central part of the Alborz and in its western part, Talysh (Vincent et al., 2005; Asiabanha & Foden, 2012) . In the central part of the Alborz an exceptionally thick ($5 km) Eocene high-K calc-alkaline sequence of pyroclastic deposits and lavas (period 3) is known as the Karaj Formation. Quaternary magmatism (period 4) forms several very high summits (>4000 m) such as the famous Quaternary stratovolcano 'Damavand' (5671 m), located in the central part of the Alborz. The latter consists mostly of thick alkaline lava flows and subordinate pyroclastic breccia and lahar deposits (Davidson et al., 2004; Liotard et al., 2008; Mirnejad et al., 2010) .
Central-East Iranian microcontinent (CEIM)
The CEIM includes Central Iran (Yazd and Tabas blocks) and East Iran (Lut block) (e.g. Alavi, 1991) . Central Iran is mainly limited by NNE-SSW-oriented faults (e.g. Great Kavir and Naiband faults). In Central Iran, there are only a few reports of Eocene magmatic activity (e.g. Amidi et al., 1984; Torabi et al., 2014; Ahmadian et al., 2016) . Because of the recognition of Eocene metamorphic core complexes (e.g. Verdel et al., 2007; Kargaranbafghi & Neubauer, 2015) and stratigraphic evidence of subsidence during the Eocene, Verdel et al. (2011) suggested that the discrete nature of Eocene magmatism (the 'flare-up' period in Iran) may be linked to slab flattening beneath the Central Iranian blocks. A few younger alkali basaltic outcrops occur along the Great Kavir and Naiband faults (e.g. Saadat et al., 2010; Rajabi et al., 2014; Kheirkhah et al., 2015) .
To the east, the main magmatic unit is located around the Lut block (Fig. 1) . It has an elongated shape extending over 100 km from north to south and is bounded by major faults and ophiolitic sutures (period 2). The different volcanic, sub-volcanic and plutonic units have ages ranging from Jurassic to Quaternary. Jurassic plutonic outcrops (period 1) are restricted to a few localities (165-162 Ma; Esmaeily et al., 2005) . The major magmatic events occurred during the Cenozoic (period 3) and led to the emplacement of various high-K calc-alkaline to potassic rocks (Arjmanzadeh et al., 2011; Pang et al., 2013a; Beydokhti et al., 2015) . Recent Quaternary volcanic rocks (period 4), mostly alkaline basalts, erupted along faults (Walker et al., 2009; Saadat et al., 2010; Saadat & Stern, 2012) .
The Urmieh-Dokhtar magmatic (UDM) zone
The main magmatic activity in Iran occurs over 1700 km along the Zagros Suture with a NW-SE orientation; it is named the 'Urmieh-Dokhtar magmatic (UDM) zone'. This magmatism consists of calc-alkaline and alkaline series emplaced from the Late Jurassic to the Quaternary (Berberian & King, 1981; Amidi et al., 1984; Aftabi & Atapour, 2000; Omrani et al., 2008; Torabi et al., 2009; Ghorbani & Bezenjani, 2011; Ghorbani et al., 2014) . The oldest magmatic events are represented by I-type granitoids that cross-cut late Cretaceous magmatic and sedimentary terranes (Amidi et al., 1984) . During the Eocene to the Oligo-Miocene, this magmatism was mostly effusive, with only a rare record of alkaline plutonic rocks (i.e. Dargahi et al., 2010) . Some Eocene volcanic and pyroclastic successions (period 3) have a thickness reaching 4 km (Stö cklin, 1968; . The Arabia-Central Iran collision probably triggered delamination of the overriding lithosphere (Francois et al., 2014) . Francois et al. showed that such delamination below Central Iran is not correlated with voluminous magmatism after $30 Ma, at least along the UDM zone. Because of the assumption of multi-stage subduction of the Neo-Tethys beneath the TIP (Berberian & King, 1981; Alavi, 1994; Agard et al., 2005 Agard et al., , 2011 Ghasemi & Talbot, 2006) occurrences of Eocene high-K calc-alkaline magmatism have been interpreted in the context of a continental arc, extension owing to slab-roll back and, potentially, tearing (Verdel et al., 2011; Deevsalar et al., 2017) , whereas Amidi et al. (1984) proposed intracontinental (possibly rift-related) magmatism for the UDM zone, based on the occurrence of alkaline magmatism.
Plio-Quaternary magmatism (period 4) rarely occurs in the UDM zone; however, calc-alkaline lavas and pyroclastic eruptions with adakitic signatures have been reported in the central part, parallel to the Zagros Suture (Omrani et al., 2008; Pang et al., 2016) . To the NW (e.g. Kurdistan provinces, Sahand and Sabalan volcanoes and East Pontides), young magmatism with both adakitic and alkaline signatures is observed (Jahangiri, 2007; Ahmadzadeh et al., 2010; Allen et al., 2013; Azizi et al., 2014) .
GEOCHEMISTRY Chemical classification of lavas
It is well established that igneous rocks throughout the TIP are ultimately derived from a mantle source, although their extreme geochemical heterogeneity calls for an equivalent lithological and/or geochemical heterogeneity of this source. The most convincing arguments are Sr-Nd isotope compositions, high MgO contents and the presence of mantle xenoliths in some lavas, whereas geochemical modelling shows that crustal processes play a secondary role (i.e. crustal contamination and/or fractional crystallization; Ö zdemir et al., 2006; Aydin et al., 2008 Aydin et al., , 2014 Lustrino et al., 2010; Asiabanha & Foden, 2012) . In this section, we present a synthesis of the petrological and chemical characteristics of the alkaline magmatic rocks of the TIP, constraining the geochemical characteristics of their mantle sources. To minimize the possible effects of shallow processes (e.g. crustal contamination and fractional crystallization) and overprinting of the source characteristics of mantle-derived magmatic rocks, we focus our analysis on rocks with SiO 2 <55 wt %. Such a filtering allows us to exclude plutonic rocks, whose compositions evolved at crustal levels, and results in a dataset that is restricted to lavas with an age <11 Ma. Representative major and trace element data, together with the Sr-Nd isotopic compositions of these samples, are presented in Supplementary Data Table 1 ; supplementary data are available for downloading at http:// www.petrology.oxfordjournals.org. The lavas can be divided into three main groups: ultrapotassic, potassic to transitional sodic, and sodic. The geochemical and isotopic characteristics of these three groups are described below.
The ultrapotassic (UK) lavas
Based on the IUGS classification and systematic classification for uncommon lavas (e.g. Mitchell & Bergman, 1991; Woolley et al., 1996) , most samples from this group are classified as lamproite, kamafugite, lamprophyre, leucitite, analcite and nepheline-bearing tephrite. On a total alkalis versus silica diagram, all samples plot above the alkaline-subalkaline division line (Fig. 2a) . They have low SiO 2 (46Á2-55Á7 wt %) and TiO 2 contents (0Á8-1Á7 wt %). The Na 2 O/K 2 O ratio is commonly <1, with variable MgO (1Á67-10Á8 wt %) and Na 2 O (0Á72-4Á6 wt %) contents. There is no positive correlation between SiO 2 and K 2 O, the reverse tendency being observed as the lavas with low SiO 2 have an ultrapotassic composition (K 2 O contents up to 12Á02 wt %, Fig. 2b ). In terms of trace elements, even the most primitive lavas are extremely enriched in LILE (Rb, Ba, Th, U and Pb) and strongly depleted in HFSE and Sr (Fig. 3a) . Their distinctive geochemical characteristics (e.g. extent of LILE enrichment) have never been reported in any other primitive magmatic suites from the TIP. Similarly, 87 Sr/ 86 Sr is significantly high (0Á7056-0Á7080), whereas 143 Nd/ 144 Nd is low (0Á5124-0Á5125). The UK lavas plot close to the transitional kimberlites field (Fig. 4) .
The transitional sodic to potassic (TK) lavas
Most samples are classified as tephrite and phonolite, whereas a few samples are trachyandesite (see references listed in Supplementary Data Table 1 ). Regarding most major elements, this group is similar to the UK lavas [i.e. low in TiO 2 (0Á54-1Á51 wt %), and variable in MgO (2Á75-9Á2 wt %)], but they are moderately lower in K 2 O (1Á1-8Á4 wt %) and higher in Na 2 O (1Á46-5Á6 wt %) (Fig. 2b) . Contrary to the UK lavas, most of the TK lavas have SiO 2 higher than $50 wt %, positively correlated with K 2 O. In terms of trace elements, they are also very similar to the UK lavas, as both groups display negative Sr and Ti anomalies ( Fig. 3a) and broadly similar subparallel chondrite-normalized rare earth element (REE) patterns (not shown). The UK and TK lavas show a considerable enrichment in light rare earth elements (LREE) relative to heavy rare earth elements (HREE), but LREE/ HREE ratios are not significantly different for the two types of lavas [e.g. (La/Yb) N up to $69]. Elemental ratios involving fluid-mobile elements are higher and more variable in TK than UK lavas (e.g. Ce/Pb: 1Á36-29Á47 and 1Á58-6Á88, respectively), whereas those involving more immobile elements display more restricted ranges (e.g. Th/Nb: 0Á38-1Á7 and 0Á4-1Á5, respectively 
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The sodic-high-potassium (HK) and sodic-lowpotassium (LK) lavas
This group mainly consists of lavas classified as olivine basalt, basanite, hawaiite, mugearite, and trachyandesite (references in Supplementary Data Table 1 ). These lavas have Na 2 O/K 2 O > 1Á5 (Na 2 O and K 2 O ranging from 2Á4 to 6Á9 wt % and from 0Á3 to 4Á1 wt %, respectively) and plot within the sodic series field (Fig. 2b) . Based on major elements, the lavas are divided into high-K (HK) and low-K (LK) subgroups. The HK subgroup clearly shows high K 2 O (up to 4Á1 wt %), MgO (7Á5-11Á9 wt %) and TiO 2 (1Á3-2Á3 wt %) contents, and a restricted range of SiO 2 (41Á9-51Á2 wt %). The LK subgroup is characterized by lower K 2 O (<2Á8 wt %), MgO (1Á05-11Á9 wt %) and TiO 2 (0Á7-3Á5 wt %) contents, and is relatively more evolved in terms of SiO 2 content (46Á5-55Á2 wt %; Fig. 2a ). Primitive mantle-normalized trace element patterns (Sun & McDonough, 1989) indicate that the level of fractionation of LILE and LREE relative to HREE decreases from the HK to LK subgroups. In addition, in terms of HFSE (e.g. Nb, Ta, and Ti), HK and LK lavas are (Sun & McDonough, 1989) multi-element distribution patterns of the lavas (shaded areas) and most primitive lavas (lines). The trace element patterns of the investigated lavas define two main types: (a) subduction influenced; (b) OIB-like. (c) Chondrite-normalized (Sun & McDonough, 1989 ) REE patterns of sodic-LK lavas are consistent with a fractional crystallization (FC) trend produced by 20-60% fractionation of cpx (55)-plg (10)-ol (35) from the most primitive sodic-LK lava or by the mixing of sodic-LK and UK lavas. The most primitive UK, sodic-HK and sodic-LK lavas taken as the starting compositions are from Aghazadeh et al. (2015) , Kheirkhah et al. (2013) and Neill et al. (2015) , respectively. Data sources: average kimberlite type I: Becker & Le Roex (2006) ; the MTZ-derived lamproite: Murphy et al. (2002) ; OIB: Sun & McDonough (1989). characterized by positive and negative anomalies, respectively (Fig. 3b) . The HK group is characterized by high Ba (up to 2100 ppm), Th (up to 40 ppm), Sr (<2800 ppm) and Pb (>10 ppm) contents and relatively homogeneous ranges of high Ce/Pb (8Á7-20Á9) and Nb/ U (3Á3-29Á5), whereas the LK lavas are characterized by Ba up to $1100 ppm, Th <20 ppm, Sr <1900 ppm, Pb <13 ppm, and highly variable Nb/U (2Á7-113) and Ce/Pb (4Á5-85Á6 Nd/ 144 Nd (0Á51261-0Á51297) and define a wide range plotting between depleted and enriched mantle sources (Fig. 4) .
Salient conclusions of the geochemical synthesis
The geochemical overview presented above shows that the variable enrichment in terms of major alkali elements (Na and K), the LILE and REE fractionation, and the Sr-Nd isotopic heterogeneity of the lavas may be related to heterogeneous mantle sources. Most lavas plot close to the field of melts derived from enriched mantle sources (e.g. OIB or transitional kimberlites in Fig. 4) . Previous studies have shown that the mantle source of the UK and sodic lavas was influenced by metasomatism and underwent only low degrees of partial melting Pang et al., 2013b; Prelevi c et al., 2014; Saadat et al., 2014; Shafaii Moghadam et al., 2014; Neill et al., 2015) . Moreover, based on the occurrence or the lack of negative HFSE anomalies, the UK and sodic lavas can be subdivided into types with 'subduction-influenced' and 'OIB-like' trace element patterns, respectively (Fig. 3) . In all cases, OIB-like patterns have been explained by partial melting of an upwelling enriched asthenospheric mantle source and/or a hybrid source resulting from the interaction between the asthenosphere and the overlying lithosphere (Wilson et al., 1997; Ö zdemir & Gü lec¸, 2014; Neill et al., 2015) . The 'subduction-influenced' trace element patterns are interpreted as evidence of a shallow mantle reservoir characterized by HFSE depletion (e.g. subcontinental lithospheric mantle; SCLM) (e.g. Shafaii Moghadam et al., 2014) .
Among worldwide 'exotic' composition magmatic rocks (e.g. kimberlites, lamproites and lamprophyres), some lavas display 'subduction-influenced' patterns, being extremely rich in K 2 O and low in SiO 2 , TiO 2 and Al 2 O 3 (e.g. Gaussberg lamproites: Murphy et al., 2002; olivine lamproites: Mitchell & Bergman, 1991; and in this study the UK lavas). These compositions are usually associated with the presence of phlogopite phenocrysts, a mineral also common in metasomatized mantle xenoliths. Based on laboratory experiments, phlogopite, a K-bearing phase, is a reasonable candidate in the mantle to explain high potassium contents in partial melts (Condamine & Mé dard, 2014; Condamine et al., 2016) . Such experiments show that the stability field of phlogopite ranges from 1 to 3 GPa and $900 to $1250 C; that is, conditions typical of continental lithosphere with a residual heat flow <40 mW m -2 . However, none of the experiments carried out at shallow lithospheric conditions (1-3 GPa) can explain the main characteristics of lamproites and thus, by extension, those of the UK lavas considered in this study. For example, melts derived from low degree of melting of phlogopite-bearing harzburgite or lherzolite at $1 GPa have SiO 2 of 52-63 wt % and K 2 O contents up to 6Á6 wt % (Condamine & Mé dard, 2014) , whereas, at greater depths (i.e. 3 GPa), partial melts have lower SiO 2 (45-47Á8 wt %) and K 2 O up to 7Á5 wt %, but high TiO 2 (> $1Á5-3Á2 wt %) (Condamine et al., 2016) . Although all previous experiments emphasize that the potassium content of partial melts is strongly influenced by the alkali content of phlogopite, Wang et al. (2017) have shown that the potassium content of the melt does not necessarily require the presence of phlogopite in the mantle source, and may result from the heterogeneous composition of a depleted mantle source mixed with recycled sediments. Although the composition of the melt in their experiments is extremely rich in trace elements with a 'subduction-influenced' normalized trace element pattern, it is higher in SiO 2 (65Á5-68Á5 wt %) and lower in K 2 O (up to 5Á09 wt %) than the UK lavas (and low-SiO 2 lamproites). Actually, several processes may explain 'subductioninfluenced' trace element patterns: (1) the presence of minerals with high partition coefficients for HFSE (e.g. rutile, ilmenite, amphibole; Green & Pearson, 1987; Ionov & Hofmann, 1995; Tiepolo et al., 2001) ; (2) Plank & Langmuir (1998) ; cumulative xenoliths from NW of Iran: Khezerlou et al. (2017) . McDonough, 1990; Prelevi c et al., 2008) ; or (3) other processes not directly linked with the source (e.g. crustal contamination during magma ascent; Barth et al., 2000) . However, the subduction-influenced trace element patterns of low-SiO 2 lamproites and UK lavas are characterized by trace element enrichments several orders of magnitude higher than those of typical continental crust, a feature that has never been observed in any primary melt that originated from a studied subduction zone-related mantle wedge (e.g. in a volcanic arc). High-pressure experiments indicate that the major characteristics of low-SiO 2 lamproites can result from a contribution of continental sediments recycled at MTZ depths. More precisely, the subduction-influenced trace element patterns can be attributed to sediments particularly low in SiO 2 and high in K 2 O (e.g. Rapp et al., 2008; Grassi et al., 2012) . In this study, we show that the rise of subducted volatile-rich material recycled in the MTZ may explain the occurrence of the UK, TK, and sodic-HK and -LK lavas of the TIP.
UPPER MANTLE TOMOGRAPHY BENEATH THE TIP AND IDENTIFICATION OF COMPACTION POCKETS
Regional distribution of low-velocity anomalies through the upper mantle Numerous high-precision seismic tomography images of the TIP have been published during the last decade. We interpreted tomographic images (Figs 5 and 6) based on S-or P-wave anomaly models encompassing Central Anatolia (Fichtner et al., 2013) , the Caucasus (Koulakov et al., 2012) and the Lut Block (Motaghi et al., 2015) , along with the Alinaghi et al. (2007) model, which covers most of the TIP (e.g. Fig. 5c ). All these models are based on body-wave inversion data. Therefore only seismic anomalies larger than the Fresnel volume could be detected: the latter is estimated to be about 10 km wide at crustal depths and increases to about 50 km at depths in the upper mantle (Alinaghi et al., 2007) . In addition, the resolution of such models is directly linked to the density of body-wave crossing points, which below the TIP are high enough to provide a separation power of $50 km at mantle depths. In addition, Fichtner et al. (2013) also incorporated surface waves in their data inversion, providing a very precise model resolution ($10-20 km) at crustal and lithospheric levels. These maps highlight several low-velocity elliptical bodies ($100-150 km along the shortest axis and 200 km along the longest axis), which had not been identified previously in any geophysical studies. In the present study, we interpret them as resulting from the compaction of volatile-rich melts rising from the MTZ that we call 'Compaction Pockets' (CPs). The stress field deduced from the global positioning system (GPS) velocity field [adapted from Aktu g et al.
(2013) and Masson et al. (2014) ] and the distribution of young lavas (<11 Ma) is illustrated in Fig. 5a and c. We note that all the lavas described in previous sections are located in zones where the direction of maximum tension (r (1) (2) (3) vertical. In the following, we stress in more detail the link between the distribution of these lavas and the presence of CPs below the TIP.
In Central Anatolia, vertical tomography sections ( Fig. 6c and d) show that the CPs identified above $300 km depth are centered at a depth of $150 km. To the east, an elongated low-velocity band including several CPs occurs between $38 and 54 E ( Fig. 5c ): this initiates along the North Anatolian Fault, follows the Lesser and Greater Caucasus Mountains, through the NW of Iran and finally ends below the Alborz range. The vertical section of the body-wave tomography model from Koulakov et al. (2012) , joining the Greater Caucasus to the Bitlis-Zagros Suture, is illustrated in Fig. 6a . Successive CPs reaching a maximum depth of $350 km appear to be separated by vertically oriented high-velocity sheets. However, the huge volcanic region of East Anatolia is an important exception to the correlation between the location of young volcanism, CPs, and the estimated stress field at the surface (Fig. 5c ).
This volcanic field is actually located above a flat, highvelocity body lying at 120-210 km depth (see fig. 9 of Skobeltsyn et al., 2014) . This high-velocity anomaly may be directly linked to the gradual rollback of the Bitlis slab and its eventual break-off (Keskin, 2003; S¸engö r et al., 2003; Skobeltsyn et al., 2014) or alternatively to post-collisional delamination of the East Anatolia lithosphere (Ö zacar et al., 2010; Gö gü s et al., 2011) and the associated upwelling of hot asthenosphere. Further south parallel to the Zagros Suture, young magmatism rarely occurs; however, recent magmatic activity (e.g. the Kurdistan province and the Central UDM zone) is observed in the vicinity of CPs (numbers 12 and 21, respectively in Fig. 5c ). Similarly, in the Central Alborz, the Damavand volcano is located at the border of CP number 13 and over a thrust fault in an extensional zone (Fig. 5c ).
In the eastern part of Iran, we identified seven CPs that are clearly disconnected from each other and close to active strike-slip faults (Walker et al., 2009) ; young volcanic activity occurs close to these faults (Fig. 5c ).
Large-scale tomography of the MTZ beneath the TIP Figure 7 displays horizontal cross-sections at 500 and 700 km depth through the P-wave tomography model of Nafi Toksö z et al. (2010), which extends from 20 to 60 E and from 0 to 50 N across the boundary between the Africa-Arabia and Eurasian plates. Because of the scarcity of crossing points of the ray paths, the resolution of this model is much lower than that of the regional models considered above. In both cross-sections we superimpose the 150 km depth limit of various CPs: these CPs are located inside or at the border of a high-velocity band. Around this high-velocity band lies a 'slow' band oriented north-south, which originates at the Afar triple junction (ATJ) and extends through the Arabian plate up to the Bitlis Suture zone (number 1 in Fig. 7b ). Another low-velocity domain is identified, east-westoriented, following the Kopet-Dagh, which ends below the Kura Basin, disappears below the Caucasus and finally reappears below the Black Sea (numbers 2 and 3 in Fig. 7b , respectively). At MTZ depths, the velocity contrast between high-and low-velocity regions represents $2%, a value often attributed to a temperature variation of $200 C (Piromallo & Morelli, 2003; Ö zacar et al., 2008; Faccenna et al., 2014) .
The above observations are consistent with a rising flow of hot lower mantle associated with the Afar plume, crossing the spinel-perovskite interface and intruding the upper mantle (Faccenna et al., 2014; Koulakov et al., 2016) . However, this tomography model shows that this hot material does not penetrate into the MTZ below the TIP, which is consistent with recent advances in our knowledge of whole-mantle dynamics. First, the spinel-perovskite phase transition is endothermic and slows down convection. However, convective flow may cross this interface for a Clapeyron slope ranging from -2 to -3 MPa K -1 (e.g. Monnereau & Rabinowicz, 1996) . Second, when a subducting slab meets an ascending lower mantle mega-plume, the strong temperature difference between the slab and the mega-plume locally induces a layered convection pattern. In other words, the slab remains trapped for several tens of million years in the MTZ (e.g. Ö zacar et al., 2008), and the mega-plume remains confined underneath within the lower mantle (e.g. Fukao et al., 2001 ). In our study area, the zone of stagnation of slabs extends from the Bitlis-Zagros Suture to the south to the southern part of Eurasia to the north. Between these areas, no hot mantle plume appears to cross the MTZ, in agreement with tomographic observations (e.g. Alinaghi et al., 2007; Nafi Toksö z et al., 2010; Koulakov et al., 2012) .
We further note that the huge volume of cold material intruded in the MTZ probably cooled the whole upper mantle by a few hundred degrees (e.g. Rabinowicz et al., 1980) since the subduction of the Tethys along the Bitlis-Zagros Suture, which started 200-300 Myr ago (S¸engö r & Yilmaz, 1981; Yilmaz et al., 2000; Stampfli, 2000; Hassanzadeh & Wernicke, 2016) and ended 80-10 Myr ago (Berberian & King, 1981; Alavi, 1994; McQuarrie et al., 2003; Agard et al., 2005 Agard et al., , 2011 Ghasemi & Talbot, 2006) .
These observations of the tomographic structure below the TIP raise the question of the deep origin of the CPs. Clearly, the dramatic velocity contrast between the CPs and the surrounding mantle ($10%) requires the presence of at least a few per cent of interstitial melt or of several per cent of hydrous solid phases (e.g. Hammond & Humphreys, 2000; Hacker & Abers, 2004) . However, mantle that is a few hundred degrees below the temperature of the standard adiabat and starts to melt at $300 km depth is probably rich in volatiles. Thus we conclude that the low-velocity of CPs must result from the occurrence of a few per cent of volatile-rich melt coming from below.
STAGNANT SLAB DIFFERENTIATION AND THE GENERATION OF 'COMPACTION POCKETS'
Development of cold-wet diapirs at the top of the MTZ The physical and chemical evolution of stagnant slabs and delaminated continental lithosphere leads to the formation of a compositional gradient from eclogite to harzburgite from the base to the top of the MTZ. ; pink, solidus of pyrolite (with 2 wt % H 2 O, after Litasov & Ohtani, 2002) ; orange, solidus of vapour-saturated peridotite (Green, 2015) . Dashed red and blue lines in (c) show the wadsleyite (Wd) and ringwoodite (Rw)-out boundaries, respectively. Continuous blue and green lines (b, c) show the K-richterite (Kr) and Ca-amphibole (amph)-out boundaries (Konzett et al. 1997; Green, 2015) . Numbers correspond to: (1) solidus of carbonated eclogite (with 4Á4 wt % CO 2 ) (Ghosh et al., 2014) ; (2) solidus of carbonated eclogite (Keshav & Gudfinnsson, 2010) ; (3) solidus of fertile peridotite (with 5 wt % CO 2 ) (Rohrbach & Schmidt, 2011); (4, 5) solidus of alkali-rich peridotite (with 5 wt % CO 2 ) (Ghosh et al., 2009) ; (6) solidus of carbonate-bearing fertile peridotite (Dasgupta & Hirschmann, 2006 ); (7) solidus of phlogopite-bearing carbonated peridotite (Enggist et al., 2012) ; (8) solidus of kimberlite; (9) MARID xenoliths (Eggler, 1989) . Phase relations in (a) of K-richterite with phlogopite are from Konzett et al. (1997) , phlogopite with magnesite from Enggist et al. (2012) , Ca-amphibole and carbonate from Green (2015) . Dark quadrant indicates that the corresponding phase is present. Kr, K-richterite; Ph, phlogopite; Amph; Ca-amphibole; Mag; magnesite; Carb; carbonate.
Harzburgite has a density 1-2% lower than that of eclogite and lherzolite (Shorttle et al., 2014) , implying that this horizon is gravitationally unstable (Rayleigh-Taylor instabilities) and may form diapirs intruding the overlying mantle (Motoki & Ballmer, 2015) . Because H 2 O and CO 2 are transported by subduction into the MTZ and recycled back, as evidenced by diamond inclusions, we expect that such a harzburgite horizon is rich in volatiles (e.g. Ohtani et al., 2004) . S-receiver functions along a north-south profile running from the Hellenic Trench to the Black Sea show that from 38Á5 to 44 N, the 410 km discontinuity is characterized by a strong slow reflector down to $450 km depth (Supplementary Data Appendix B, Fig. 1 ; Kind et al., 2015) . This attenuates to the south and wanes around the Hellenic Trench. This low-velocity layer can be interpreted to result from (1) progressive thickening of the wadsleyite to olivine mineral phase transition zone in the presence of water (van der Meijde et al., 2003) and (2) partial melting owing to the release of water during this phase transition (e.g. Karato, 2011) .
Accordingly, this low-velocity layer may provide evidence for the presence of carbonated and/or hydrated harzburgites. First, H 2 O solubility is extremely high in the wadsleyite and ringwoodite mineral phases known to form the MTZ: $0Á9 wt % and 2Á3 wt %, respectively (Demouchy et al., 2005; Pearson et al., 2014) . Moreover, at the top of the MTZ when wadsleyite transforms into olivine, H 2 O solubility drops from 0Á9 wt % to $448 ppm (Demouchy et al., 2005; Litasov et al., 2009) . Thus, water released during this phase transformation will lead to hydrous melting (e.g. Hirschmann, 2006) . Second, the solidus of carbonated peridotite is similar to or lower than that of hydrated peridotite (Fig. 8a) . When considered together with the solidus of volatile-rich melt (e.g. kimberlite), this implies that the melt produced inside the olivine stability field can have a kimberlite-like composition. Because of the small wetting angle of such a type of inter-granular melt in the mantle, it probably forms a connected network, rendering it permeable, even for extremely low local melt concentrations of about 10 -5 % according to Minarik & Watson (1995) . However, a small melt concentration of several hundredths of a per cent is usually considered motionless relative to the host solid mantle owing to its low permeability. In contrast, at higher concentrations (>0Á1%) melts can segregate from the mantle and move upwards (Hirschmann, 2010; Keller & Katz, 2016) .
We deduce that two hydrodynamic instabilities can trigger the ascent of kimberlite-like melts from the MTZ below the TIP: (1) the gravitational instability of their host harzburgite; (2) the percolation of the melt itself within its matrix. At constant viscosity, Rayleigh-Taylor instabilities develop with a wavelength $3h (Houseman & Molnar, 1997) , where h is the thickness of the gravitationally unstable low-velocity layer, which in our case is $3 Â 40 km. Once these diapirs are well developed, their velocity may be approximated by their Stokes' velocity; considering their size ($120 km), their density contrast with the surrounding mantle ($1%) and the viscosity of the asthenosphere ($10 20 Pa s, Karato & Wu, 1993) , we obtain an ascent velocity of the order of mantle convection velocities (i.e. <1 m a -1 ). In the next section, we show how a compaction process within this rising mantle mush leads to the formation of CPs (which constitute cold-wet diapirs).
Conditions for the development of Compaction Pockets (CPs) from volatile-rich melts within cold diapirs
The free percolation of a non-reactive melt through a viscous mantle has motivated many studies following the seminal work of McKenzie (1984) . These have demonstrated that a major condition for the development of melt-rich, solitary waves in the mantle, or 'magmons', is a strong vertical permeability drop at the top of the compaction domain (Scott & Stevenson, 1984; Wiggins & Spiegelman, 1995; Rabinowicz et al., 2001) . Generally, this permeability drop has been associated with a temperature drop from $1300 to 1170 C through the lithosphere-asthenosphere convective boundary layer, in which dry mafic melts start to crystallize, explaining the drop in the volume of interstitial melt and the decrease in permeability of the mantle (Rabinowicz & Ceuleneer, 2005) .
When seeking to apply a model for compaction waves propagating from the base of the MTZ below the TIP, we note that the CP domains displayed in Fig. 6b are entirely located well below the $100 km thick TIP lithosphere. This leads us to search for an alternative explanation to the necessary condition of a permeability drop. In the following, we identify multiple stages of permeability drop from 8 to 4 GPa, and link them to the successive precipitation of new mineral phases resulting from reactions between volatile-rich melts and the surrounding mantle.
The state of volatile-rich melts and their reactivity in the olivine mantle stability field depend on the presence of alkalis, water and carbonate-carrying phases interacting with the surrounding mantle rocks (Ionov et al., 1993; Konzett & Ulmer, 1999; Trønnes, 2002; Brey et al., 2008 Brey et al., , 2011 Girnis et al., 2011; Frezzotti & Touret, 2014; Grant et al., 2014; Ghosh et al., 2014; Mallik & Dasgupta, 2014; Novella & Frost, 2014 C (Konzett & Ulmer, 1999) . In contrast, the stability field of phlogopite [KMg 3 AlSi 3 O 10 (F,OH) 2 ] is limited to pressures 6 GPa and temperatures up to 1300 C (Trønnes, 2002; Enggist et al., 2012; Fig. 8b) . Moreover, at 8 GPa and $1300 C, carbonate phases (e.g. magnesite and alkali magnesite) are stable . Between 5 and 4 GPa, magnesite is also stable, but for it to coexist with phlogopite temperatures lower than 1200 C and 1250 C, respectively, are required (Enggist et al., 2012) . When combining these various phase stability fields and associated changes, it is apparent that critically around 1300 C and from 8 to 6Á5 GPa (i.e. $240 to 195 km depth), the reaction of volatile-rich melts with the surrounding mantle will lead to the precipitation of richterite and carbonate phases. In addition, between 5 and 4 GPa and from $1250 to 1200 C, phlogopite and carbonate phases precipitate (Fig. 8b) . This can thus trigger the essential permeability drop required for the development of CPs. Figure 8 displays the minimum and maximum temperature estimation of the mantle adiabat derived by Katsura et al. (2010) , the profiles differing by 100 C (yellow shaded area in Fig. 8) . We see that except at the wadsleyite-ringwoodite and olivine-wadsleyite phase transition depths, both profiles increase almost linearly with depth, and are consistent with a mantle adiabatic gradient of $0Á5
C km -1 . Moreover, the temperature versus depth profile needed to precipitate either hydrated or carbonated phases must be at least 100 C lower than the minimum adiabat. Because the geochemical fingerprints of alkaline lavas in the TIP show that they originated from upper mantle sources that were metasomatized by hydrous and/or carbonated melts, we thus deduce that such metasomatism requires a temperature at least 100 C lower than the adiabat. This is consistent with the fact that long-lived subduction along the Bitlis-Zagros Suture probably led to a progressive drop in temperature by a few hundred degrees within the upper mantle below the TIP, which is consistent with the interpretation of the tomography models of Nafi Toksö z et al. 
A model of propagating compaction waves for rising mantle melts
We adapt the dimensionless model proposed by Gré goire et al. (2006) to describe the development of compaction waves, when a partially molten mantle layer with constant melt volume / sc meets a horizon with a small melt concentration (Supplementary Data Appendix B, Fig. 2 ). In this numerical experiment, the compaction length L defines the height reached by propagating fluids connected through the pores of the solid matrix:
where g gand l lrepresent the effective bulk viscosities of the mantle and volatile-rich melt, respectively; k(/ sc ) is the permeability of the partially molten layer with fluid concentration / sc . The excess pressure p eff defines the difference between the melt and solid pressures. It is bounded by /sc, the buoyancy integrated along the compaction height L over which the porous network is connected:
where g is the gravity constant and dq is the density contrast between the solid matrix and the melt. The time scale t sc represents the time taken for the melt to move upwards over a distance of one compaction length:
Finally, Darcy's velocity V sc is
Melt concentration / sc corresponds to the degree of melting, here assumed to be 0Á75 vol. %, chosen within the range proposed by Canil & Scarfe (1990) and Dalton & Presnall (1998) . Maaløe & Scheie (1982) estimated a permeability k(/ sc ) ¼ 10 -15 m 2 k / sc ð Þfor rocks with millimeter-size grains a ¼ 1 mm, and melt fraction / sc ¼ 1%, whereas Faul (1997) suggested a permeability an order of magnitude lower. Based on recent experimental data the following simple rule is derived (Wark & Watson, 1998) :
Typical grain sizes of rocks deforming by dislocation creep in the shallow upper mantle are $3-4 mm (Karato & Wu, 1993 ), thus we evaluate k (0Á75%) ¼ 3 Â 10 -14 m 2 . The viscosity l of the volatile-rich melt (e.g. kimberlite) is inferred to be low because of its low Si content and its high concentrations of CO 2 and H 2 O. Recent experimental estimates indicate l $1 Pa s at 5Á5 GPa and 1300 C (Persikov et al., 2017) . Following Karato & Wu (1993) , who estimated a viscosity of the order of 10 19 Pa s for wet asthenosphere between 300 and 100 km depth, we choose a slightly greater value of g $10 20 Pa s, assuming that the mantle below the TIP is 100 C cooler than the standard adiabat. Finally, between 300 and 200 km depth, the density of a kimberlitic melt varies between 2700 and 3100 kg m -3 , with a mean of 2900 kg m -3 (Spera, 1984) . Considering that the surrounding mantle density at these depths is $3600 kg m -3 (Kaban et al., 2016) an average estimate for dq is $700 kg m -3 . Using the above parameter values, we deduce L ¼20 km, p sc ¼ 0Á15 GPa and t sc ¼ $2 Â 10 4 years. We propose the following scenario for the TIP, adapted from Rabinowicz & Ceuleneer (2005) .
1. Just below the interface between the melt-poor and melt-rich horizon (which we assume to be located just above the stability field of richterite, at a lithostatic depth corresponding to 8 GPa and 1300 C, a first porosity wave develops, which is essentially planar with a vertical thickness $4L (80 km). The resulting melt impregnation consists of oblate-shaped pockets (with an elongated horizontal axis) included inside this planar wave (Supplementary Data Appendix B, Fig. 2a) . Such a planar layer of partially molten material may be viewed as a mantle 'mush'. Data Appendix B , Fig. 2b ), this planar wave percolates upwards; at time t' ¼ 10 ($0Á2 Ma), the wave has shifted upward by a distance $5L (100 km) inside the melt-poor horizon, while a new wave is emplaced just below. 3. Melt pockets start to individualize from the upper leading wave and concentrate the melt upward to a maximal dimensionless amount reaching $2/ sc ($1Á5%), reaching a height (thickness) $4Á3L ($90 km) and a width (horizontal extent) $8L ($160 km). The maximum excess pressure at the top of these melt pockets reaches $2p sc ($0Á3 GPa). 4. With time, melt pockets detach from the successive horizontal waves. This leads to the regression of the basal waves, from which melt content eventually transfers into the overlying detached pockets. 5. Finally, the individual pockets interact (Supplementary Data Appendix B, Fig. 2c ). The melt contained within a pocket pours inside the one located just above. At this stage, this set of 'droplike' CPs displays a typical spatial distribution consistent with compaction experiments and with steady-state solitary wave solutions (Rabinowicz et al., 2001; Cai & Bercovici, 2016) . At dimensionless time t' ¼ 20 (0Á4 Ma), melt concentration in these pockets reaches 8/ sc ($6%).
Thereafter (Supplementary
Application of propagating melt compaction waves from inside cold diapirs below the TIP After 0Á2 Ma (stage b, Supplementary Data Appendix B, Fig. 2b ) melt pockets in the uppermost wave display dimensions consistent with the CPs observed below the TIP (i.e. $90 km high and $160 km wide), as well as a consistent spatial distribution with some large pockets overlapping with smaller ones. Nevertheless, the melt concentration inside these pockets remains low with a dimensional value of 2/ sc ¼ 1Á5 vol. %. However, this value corresponds to a 2-D approach and the melt should in fact rather concentrate in two orthogonal horizontal directions leading to a reasonable estimate of melt content in the pockets of 4/ sc ¼ 3 vol. %. Actually, the primary wave from stage a assimilates a first buoyant layer wave that initially forms at 8 GPa ($240 km depth) and that thereafter rises during 1Á2 Â 10 5 years by a height of $120 km ($6L; see above) to reach $120 km depth. The mean vertical Darcy velocity of the melt is 10 km/2 Â 10 5 years ¼ 0Á5 m a -1 , a velocity similar to that of mantle convection.
Contrary to the end of the numerical experiment (stage c, Supplementary Data Appendix B, Fig. 2c ) the CPs below the TIP may not all individualize because that would require vertical propagation over several hundred kilometers. Instead, they are trapped at the base of the lithosphere at c. 100 km depth.
This model explains how melt disseminated inside a cold-wet diapir may migrate upwards from the top of the low-velocity layer at 410 km depth to concentrate at c. 120 km depth and form the low-velocity elliptical structures observed in tomography sections below the TIP. It represents an alternative to the models developed by Litasov et al. (2013) and Morra et al. (2015) in which $1 km size magmons form at 410 km depth and thereafter aggregate to form 100 km size structures. Actually, a major difference between these two models and ours is the four orders of magnitude difference in the assumed effective viscosity of the partially molten mantle: in our study it equals $10 20 Pa s, whereas in the studies of Litasov et al. (2013) and Morra et al. (2015) it approaches $10 16 Pa s. A viscosity of 10 20 Pa s for wetcold mantle (100 C below the mantle adiabat) is realistic. Mei et al. (2002) set experimental constraints on the influence of partial melting on mantle viscosity, and obtained an exponential melt-weakening factor proportional to exp(-a/), with 20 < a < 30. However, the volume of volatile-rich melt produced during hydrous melting / is <1% (see below), which leads to a decrease in mantle viscosity by at most 30%. Consequently, a mantle with 1% of interstitial melt is unlikely to have a viscosity as low as 10 16 Pa s. The basic dynamics of our model show that the excess pressure at the top of a CP (just below the zone of obstruction owing to crystallization of new mineral phases; e.g. richterite), varies from 0Á14 to 0Á52 GPa (1 Â p sc to 3 Â p sc ; Supplementary Data Appendix B, Fig. 2c ). Such an overpressure exceeds the tensile yield strength of the asthenospheric mantle by an order of magnitude (30-50 MPa; Spera, 1987; Rubin, 1993) , and it may eventually lead to the generation of a swarm of propagating cracks filled with melt (i.e. dykes), at a velocity close to that of sound propagation along directions parallel to (r ! 1 ,r ! 2 ) planes (Nicolas & Jackson, 1982; Spera, 1987; Sleep, 1988; Rubin, 1993; Gré goire et al., 2006; Keller et al., 2013) .
Gré goire et al. (2006) modelled the generation of self-propagating melt-carrying channels from the top surface of a mantle plume head below cratonic lithosphere to interpret the distribution of kimberlite pipes in South Africa. The major difference between our model for the TIP and that of Gré goire et al. (2006) resides in the fact that the asthenospheric mantle viscosity in their mantle plume is an order of magnitude lower than that evaluated for the cold asthenosphere lying below the TIP. This results in both a three times greater size of the CPs and a three times greater driving head effective pressure. Nevertheless, the process that drives melt extraction from the top of the CPs remains similar.
How melt is extracted from ascending CPs
Now we consider the evolution of a CP that develops above the MTZ, migrating upwards in multiple stages as shown schematically in Fig. 9 . Here, we assume the following.
1. The temperature at depths corresponding to 14 GPa and 8 GPa is 1370 C and 1300 C, respectively [i.e. . 5. The stability field of potassium richterite and/or the solidus of carbonated peridotite between 8 and 6Á5 GPa lies at 1300 C. 6. The stability field of phlogopite and carbonate phases between 5 and 4 GPa lies at $1250-1200 C (Fig. 8b) . 7. Mineral crystallization occurs at a linear rate of 1Á25 vol. % per 5 C below the liquidus temperature; that is, this reaction rate may be expressed as dT/d1 vol. %, ¼ 5 C/1Á25 vol. % ¼ 4 C (vol. %) -1 ).
8. The vapour-saturated solidus linearly decreases between 5 and 4 GPa from $1300 to $1200 C (Fig. 8 ).
Melt extraction from the MTZ to $8 GPa (stage 1)
According to asssumptions (1) and (5), at 8 GPa the solidus temperature of richterite is reached at 1300 C, so that the interstitial volatile-rich melt starts to precipitate richterite. According to assumption (7) the full precipitation of 0Á75 vol. % of melt may occur after cooling by 3 C [corresponding to 0Á75 vol. % Â (dT/d1 vol. %), in other words over 6 km of decompression (corresponding to a thermal gradient of 0Á5 C km -1 ), implying that local permeability decreases to about zero over this height, which remains small compared with the compaction length L ¼ 20 km (Rabinowicz & Ceuleneer, 2005 Here we evaluate more quantitatively the volume of magnesite and richterite that would result from the reaction of an interstitial volatilerich melt with the surrounding mantle at a depth just below 8 GPa. For that purpose, we assume that the interstitial melt has a kimberlite-like composition and represents a volume of 0Á75% of the mantle. Between 200 and 300 km depth, the density of a kimberlitic melt has a mean value of 2900 kg m -3 , whereas the mantle density at these depths is $3600 kg m -3 (Spera, 1984; Kaban et al., 2016) . Considering that the range of CO 2 inside a kimberlite melt is 4-13 wt % , we obtain a production of magnesite varying from 1Á7 to 5Á4 kg m -3 , which represents a volume of 0Á06-0Á21% of the solid rock. In addition, a concentration of H 2 O in the melt varying between 5 and 10 wt % ) represents a mass of 1Á1-2Á2 kg m -3 and may result in the formation of 53-106 kg/m 3 of richterite (corresponding to a volume of 1Á7-3Á4%). Whereas it is obvious that enough Mg and Ca are present in the solid matrix and in the interstitial melt to form both magnesite and richterite, it remains essential to find enough K for the formation of richterite. To provide sufficient K (2Á6% or 2Á7 kg m -3 ) to produce 106 kg of richterite, about 84% of this K ($2Á2 kg m -3 ) must be provided by the ambient mantle. In fact, normal mantle cannot provide this amount of K; however, Edgar & Vukadinovic (1993) showed that clinopyroxene synthesized at high pressure (>5 GPa), low temperature (1250-1300 C) and in equilibrium with a high-K melt actually contains a large amount of K, reaching about 1Á3 wt %. We deduce that a high-K melt enriched mantle (harzburgite derived from the MTZ) with less than 5 wt % of clinopyroxene can provide the 2Á2 kg m -3 of K needed to form 3Á4 vol. % of richterite. This is in agreement with the differentiation model of stacked stagnant slabs proposed by Motoki & Ballmer (2015) , which also assumes a hazburgitic mantle composition at the top of the MTZ, and reproduces rising cold-wet diapirs through the upper mantle.
Melt extraction from 8 to 6Á5 GPa (stage 2)
According to the previous section, melt concentration inside a CP represents at most 3 vol. %. The full crystallization of this melt produces 12 C [3 Â (dT/d1 vol. %)] of heat. Assuming that the CP moves upwards, this increase in temperature induced by crystallization is compensated by the decrease in temperature owing to adiabatic decompression, implying that the temperature of the CP remains near $1300 C. Therefore melt solidification can be completed when the top of the CP moves up from $240 km depth to 240 -[12 /(0Á5 km -1 )] ¼ $215 km. However, the calculations in the previous section show that although K in the mantle may form 0Á75 vol. % of kimberlite-like melt for richterite to precipitate, it remains unlikely that enough K is produced to generate 3% of kimberlitic melt.
At a depth shallower than 6Á5 GPa ($195 km) richterite and/or carbonated peridotite partially melts (Fig. 8) , and the temperature drops below 1300 C. Partial melting then stops as the temperature crosses the adiabat and as melt concentration reaches the same value as that in CPs at stage 1. When the top of the CP rises above the depth corresponding to 6Á5 GPa, its driving effective pressure probably becomes lower than at stage 1 because of the increase in its small melt content, thus cutting hydrodynamical connection between the overlying and underlying melts. However, between the top of the CP and 6Á5 GPa (the richterite stability limit), the effective pressure (p eff ) may still exceed the tensile strength of the medium (for a height h ¼ 30 km, p eff ¼ dqgh ¼ 210 MPa), thus allowing for melt extraction by dyking (stage 2, Fig. 8 ).
Melt extraction from 5 to 4 GPa (stage 3)
Between 5 and 4 GPa and because of the adiabatic gradient, temperatures drop from 1250 C to 1235 C, which are respectively higher and lower than the vapour-saturated solidus at corresponding depths (Fig. 8) . Such a temperature excess range, together with the lack of stable hydrous phases (Fig. 8b and c) , leads to a maximum melting degree of 7 wt % at 4 GPa [see above, assumption (5)]. However, as the melt fraction inside the CPs exceeds 5%, the effective viscosity of the mantle dramatically drops (Kelemen et al., 1997) . This high melt concentration owing to hydrous melting leads to a dramatic increase in p eff at the top of the CPs, and thus to the last stage of melt extraction via dykes (stage 3, Fig. 9 ). It also leads to a major change in the mode of melt migration (Rabinowicz & Toplis, 2009 ) with compaction length decreasing by two orders of magnitude and formation of a few kilometer-size pockets of 'deconsolidated' mantle, similar to those predicted by Litasov et al. (2013) .
Melt ponding and extraction above 4 GPa
At depths shallower than 4 GPa, the 1200 C isotherm corresponds to the stability field of phlogopite and magnesite (Fig. 8b) , which therefore precipitate. Henceforth, this mantle domain tends to become melt-free and to strengthen, with a behavior that is competent and elastic rather than viscous. Accordingly, melts derived from stages 1 to 3 can locally pond and solidify below this interface.
LINK BETWEEN THE PERCOLATION OF VOLATILE-RICH MELT INSIDE CPS AND THE ALKALINE MAGMATISM OF THE TIP A combination of continental-like components and depleted mantle as a hybrid source of UK melts
Experimental results indicate that melts originated at $6-10 GPa (i.e. $180-300 km depth) from hydrated and/ or carbonated mantle may have geochemical characteristics close to those of lamproites or type II kimberlites (Ulmer & Sweeney, 2002; Mitchell, 2004; Brey et al., 2008; Girnis et al., 2011; Grassi et al., 2012; Ghosh et al., 2014; Novella & Frost, 2014) . Such melts can be in equilibrium with a harzburgitic mantle (e.g. Girnis et al., 2011) . In addition, several petrological and geochemical arguments strongly support the assertion that the unusual geochemistry of lamproites results from a hybrid source reservoir; that is, an extremely depleted mantle peridotite component on the one hand, and a component ultimately derived from a continent (e.g. Prelevi c & Foley, 2007; Prelevi c et al., 2010; Ammannati et al., 2016) on the other hand. Accordingly, the major and trace element and isotopic characteristics of the UK lavas appear to be related to an unusual mantle source enriched by continental-like components.
It must be noted that continental-like components (e.g. phase X or K-hollandite) not only can store H 2 O and K 2 O within the MTZ, but also can be considered as the main reservoirs for LILE (e.g. Rb, Cs, Rb, Ba and Pb), and may explain the extreme enrichment of lamproites in trace elements (Konzett & Fei, 2000; Rapp et al., 2008; Grassi et al., 2012) . In Fig. 10a , mid-ocean ridge basalt (MORB)-normalized trace element patterns for UK lavas are compared with those of MTZ-derived Gaussberg lamproites (Murphy et al., 2002) and average continental crust from NW Iran (Shahzeidi et al., 2017) . As evidenced by this figure, the REE concentrations of the UK lavas nearly extend to those of the MTZ-derived lamproites, whereas the LREE enrichment and HREE depletion of the Gaussberg lamproites and UK lavas relative to continental crust are higher and lower, respectively. Murphy et al. (2002) argued that such features could not represent crustal contamination (because, in the case of contamination, LREE enrichment should decrease owing to the extremely high REE content of the UK magmas). In addition, the positive Pb and negative Sr, Nb and Ta anomalies observed in MORBnormalized trace element patterns disappear when normalized to GLOSS (Fig. 10b) . In fact, the normalization to GLOSS values (Plank & Langmuir, 1998) removes the imprint of continental crust (i.e. Pb) and of processes linked to dehydration during subduction (i.e. HFSE: Nb, Ta, Ti; see Murphy et al., 2002) on the concentrations of trace elements. Moreover, studies of garnet-melt HFSE partitioning during partial melting show that HFSE compatibilities are affected by the physical properties of garnet and its composition (van Westrenen et al., 2001) . Accordingly, it is not valid to use the high HFSE contents of garnet as a proxy for the depth of melting. This implies that the HFSE depletion of lamproites could indicate a link with a source located at MTZ depths (e.g. Murphy et al., 2002; Rapp et al., 2008) . In fact, the HFSE contained in most melts worldwide may be linked to heterogeneous enriched and depleted lithologies sinking into the mantle; that is, eclogite (garnet-rich component) and harzburgite, respectively. Thus harzburgite as a mantle reservoir plays a role in HFSE depletion in the MTZ (e.g. McDonough, 1990; Niu & Hekinian, 1997) . Consequently, we propose that a depleted mantle enriched in continental-like components (similar to a 'harzburgite-like peridotite' component) can be considered as a specific hybrid mantle source of UK lavas inside the CPs at a pressure greater than 8 GPa.
Hydrated and carbonated mantle source and the origin of sodic melts
It is well documented that the mantle sources of a majority of alkali basalts with OIB-like trace element patterns and Type I kimberlites are located at great depth and require the presence of additional components such as recycled oceanic and/or continental crustderived components (Willbold & Stracke, 2006; Pilet et al., 2008; Davis et al., 2011; Sokol & Kruk, 2015) . In terms of trace element contents and Sr-Nd isotopic ratios, our classified sodic-HK lavas have the characteristics of OIB-like alkali basalts (i.e. enriched in LILE and HFSE); however, they also have a transitional composition between OIB and Type I kimberlites (Fig. 3b) . Based on our model, at stage 2 (Fig. 9b ) the melts in equilibrium with peridotite should display a geochemical fingerprint reflecting the occurrence of K-rich hydrated-carbonated phases. For example, K-richterite in the mantle is a major phase that hosts the LILE; its presence in the source leads to high K 2 O, TiO 2 and Rb/ Ba, and positive HFSE anomalies (Wagner & Velde, 1986 (Sun & McDonough, 1989) and (b) GLOSS-normalized (Plank & Langmuir, 1998) trace element patterns of the most primitive UK lavas (from Aghazadeh et al., 2015) . Comparisons are shown with average type II kimberlite (Becker & Le Roex, 2006) , MTZ-derived lamproite (Murphy et al., 2002) and the continental crust of NW Iran (Shahzeidi et al., 2017). differ by having commonly higher Nb/Ta (15Á8-21) and Zr/Hf ($40-50) ratios than those of typical OIB (15Á9 and 37Á5-45, respectively; e.g. Pfä nder et al., 2007) . This is consistent with the fact that low degrees of melting of fertile peridotite produce super-chondritic Nb/Ta melts (e.g. Ionov et al., 1993; Green, 1995) . Moreover, similar trace elements patterns to Type I kimberlites and high Zr/Hf ratios may provide evidence of a significant role for carbonate metasomatism in their source (e.g. Dupuy et al., 1992; Ionov et al., 2002) . Mallik & Dasgupta (2014) demonstrated that high CO 2 contents in bulk melt-rock (hybrid mantle) systems lead to silica undersaturation and to the formation of strongly alkaline OIB-like melts.
They also pointed out a positive correlation between the CO 2 content of the reactive system and the increasing degree of silica undersaturation and/or alkalinity of the melt. The sodic-HK lavas have a higher alkalinity index and lower silica content than those of sodic-LK lavas (Fig. 11a) . Finally, we suggest that the parental melts of the sodic-HK lavas were derived from partial melting of a K-richterite-and carbonate-bearing peridotite.
At depths corresponding to pressures of 4-5 GPa, none of the precipitated hydrated and carbonated mineral phases from stage 2 are stable within the temperature range of stage 3 (compare Fig. 8 and the compaction model section above). Partial melting of a hybrid mantle source at such depths is expected to be able to form the parental liquids of classical OIB (e.g. Hirschmann et al., 2003) . Interestingly, sodic-LK lavas have major and trace element compositions similar to OIB, but differ from sodic-HK lavas (e.g. Fig. 3 ) in their lower K 2 O contents and Rb/Sr ratios, which is in agreement with the absence of K-richterite during stage 3. Moreover, sodic-LK lavas have variable Sr-Nd isotope compositions (Fig. 4) . Such variability is explained by the low degree of partial melting of a hybrid depleted and enriched mantle source (e.g. Kheirkhah et al., 2015) . Sodic-LK lavas show a positive correlation of K 2 O with increasing 87 Sr/ 86 Sr (Fig. 12a) Nd/ 144 Nd (0Á5129) and low SiO 2 (50Á95 wt %) and K 2 O (1Á11 wt %] not only could explain the isotope heterogeneity of the lavas, but could also well explain their trace element contents . Therefore, we propose that the parental melts of the sodic-LK lavas originated from partial melting of the top of the CP during stage 3, their overall composition becoming changed subsequently during mixing processes.
The formation of TK lavas: mixing of variable compositions and heterogeneity of the mantle source
Several studies (e.g. Waters, 1987; Gré goire et al., 2003) have shown that volatile-rich melts originating from deep-seated mantle sources could not only lead to the diversity of exotic lavas observed at the surface (e.g. kimberlite and lamproite), but could also crystallize the protoliths of MARID xenoliths [rocks consisting of mica-amphibole (K-richterite)-rutile-diopside] directly within cratonic upper mantle. Regarding the TIP, particularly in Anatolia, NW Iran and East Iran, ultramafic and mafic cumulate xenoliths originating from different depths have been transported to the Earth's surface by UK and TK lavas (Semiz et al., 2012; Platevoet et al., 2014; Prelevi c et al., 2014; Saadat et al., 2014; Khezerlou et al., 2017; Fig. 13a ). Considering mineral phase assemblages and textures, it has been diagram illustrating the effect of variable CO 2 on hybrid peridotite-derived melts at 3 GPa and on the alkalis and silica contents of primary melts. When the CO 2 content of the melt reacting with the mantle increases, the silica under-saturation and/or the alkalinity of the resulting melts after reaction also increase. The OIB field, trajectory of arrows and numbers next to them are from Mallik & Dasgupta (2014) suggested that these cumulate xenoliths have a magmatic origin and begin to crystallize from 2Á2 to 0Á5 GPa (e.g. Semiz et al., 2012; Khezerlou et al., 2017) . Exotic parental melts (i.e. kamafugite, lamproite and lamprophyre) have been proposed as the parental magmas of some of these ultramafic cumulates (Semiz et al., 2012; Platevoet et al., 2014; Prelevi c et al., 2014) . Surprisingly, the mineral compositions and bulk-rock isotopic ratios of the latter [i.e. 87 Sr/ 86 Sr (0Á7068-0Á7095) and 143 Nd/ 144 Nd (0Á5124-0Á5126), Fig. 4 ] are similar to those of the investigated UK lavas. Thus, those cumulates may originate from such UK melts related to our proposed stage 1 of formation of the CP, and indeed crystallize at shallower depths. In addition to this specific group of cumulates, other cumulate xenoliths from the TIP display a wide range of Sr and Nd isotopic ratios (Semiz et al., 2012; Prelevi c et al., 2014; Saadat et al., 2014; Khezerlou et al., 2017) . The observation of reverse zoning in clinopyroxenes and of cognate antecrystals and cumulative xenoliths hosted by TK lavas has been interpreted as evidence either of mixing between melts of different compositions (mostly distinct UK and alkaline, probably sodic) or of the assimilation of solids by liquid phases (Semiz et al., 2012; Platevoet et al., 2014; Prelevi c et al., 2014) . It may explain why TK lavas plot between UK and sodic-LK lavas in terms of alkalis (Na 2 O or K 2 O) versus isotopic ratios ( Fig. 12a and b) . Fig. 12 . Sr-Nd isotope compositions vs major elements (K 2 O wt %, Na 2 O wt %, MgO wt % and SiO 2 wt %) illustrating the effects of mixing (a-c), and fractional crystallization (FC) and crustal contamination (CC) (d-f) for alkaline magmatism in the TIP. In (a)-(c) the black and orange dashed lines are mixing lines between the most primitive sodic-LK lavas and UK lavas (1) and cumulate xenoliths (2), respectively. The numbers on the lines specify the mixing proportions between the two compositions. (e) and (f) illustrate that the composition of A-type granitoids (black crosses) may result from FC of alkaline lavas (e.g. sodic-LK lavas) affected by CC. In addition, the isotopic heterogeneity of the UK and sodic-LK lavas indicates that FC alone cannot explain their compositional diversities. Continental crust field from the TIP is based on data from Shahzeidi et al. (2017) . Symbols are as in Fig. 2 .
In addition, the few kilometers thick deconsolidated mantle that settles at 120 km depth (4 GPa) along the lithosphere-asthenosphere interface is expected to contain a hybrid volatile-rich melt. It is well documented that such melts are highly reactive when they percolate through the lithosphere, whether the latter has been previously metasomatized or not (Coltorti & Gré goire, 2008; Ackerman et al., 2013; Grant et al., 2014) . Su et al. (2014) reported the occurrence of pyroxenite mantle xenoliths in the sodic-LK lavas from the north of the Lut block. These xenoliths provide valuable direct information on the composition of the lithospheric mantle ($40-70 km). These researchers suggested that the spongy textures of some clinopyroxenes formed as a (a) (b) Fig. 13 . Schematic geological map of the TIP showing the age distribution and composition of (a) young volcanic rocks (<11 Ma) and (b) volcanic and plutonic rocks from 11 to $80 Ma (age references are included in Supplementary Data Appendix, Table 2 ). Pink areas show the distribution of CPs at 150 km depth (adapted from Figs 5 and 6). result of decompression melting within an extensional tectonic regime. We propose instead that such textures could also result from the interaction with, and/or infiltration of alkali-rich silicate melts, kimberlite-like melts, or low-density fluids through the continental lithosphere, evidencing cryptic metasomatism beneath this region (e.g. Carpenter et al., 2002; Bonadiman et al., 2005; Shaw et al., 2006) . Laboratory experiments have shown that the reaction of single crystals of olivine and orthopyroxene with relatively alkali-rich, differentiated products of a primary melt may lead to modal metasomatism and form common hydrous phases (e.g. phlogopite and amphibole at continental lithosphere conditions of 1-1Á5 GPa and 900-1000 C; Grant et al., 2014) . Melts derived from the low-degree melting of phlogopite-bearing peridotites at pressures below 1Á5 GPa have K 2 O and SiO 2 contents close to those of some of the TK lavas (Fig. 11b) . Such a mantle source has been proposed by many researchers to explain the origin of similar rocks from the TIP with moderate potassium concentrations (e.g. Prelevi c et al., 2012). However, when considering how all the above scenarios combine to explain the composition of the TK lavas, we conclude that the presence of UK, sodic-LK and sodic-HK melts all together not only supports the mixing scenario, but also explains the different compositions of the cumulates and metasomatized lithosphere below the TIP.
MELT TRANSPORT THROUGH THE LITHOSPHERE AND LINKS WITH THE MAGMATISM OF THE TIP
Above, we explained how volatile-rich melt is transported through the asthenosphere below the TIP. To link it with surface volcanism, we must now describe the physical conditions for melt and solid hydrated phase transport through the lithosphere. Because of its inherent complexity, we choose to successively describe situations of increasing complexity. The first question to address is the meaning of the tomography images with respect to the proportions of volatile-rich melt and hydrous mineral phases from below the base of the lithosphere up to the surface. Then, we consider how the CPs eventually delaminate (or corrode) the overriding lithosphere. Finally, we study how melt interacts with the lithosphere.
Compatibility of tomographic models with the presence of volatile-rich melts and/or hydrous minerals Specific case below East Iran
The vertical tomography cross-section across the two CPs identified below East Iran ( Fig. 6b ; Motaghi et al., 2015) provides important information. In the central part of the CP and at $150 km depth, S-velocity (V s ) is 3Á8 km s -1 , as opposed to $4Á6 km s -1 elsewhere. Such a huge difference in velocity ($15%) can be explained by the presence of a few per cent of inter-granular melt (Hammond & Humphreys, 2000) , giving a first-order agreement with our CP model. This tomography model shows that the top of the CP crosses the reflection interface at $125 km depth, previously interpreted as the lithosphere-asthenosphere boundary (LAB; alignment of open squares, Fig. 6b ). We may thus infer that this interface represents the boundary between melt-free and melt-rich mantle. Actually, as suggested above, the top of the CPs at stage 3 is composed of a deconsolidated mantle mush including kilometer-sized pockets of melt. The temperature there may reach $1200 C, corresponding to the stability field of phlogopite, thus allowing for melt solidification. In more detail, the consumption of garnet and enstatite in the presence of H 2 O and K simultaneously leads to the formation of phlogopite and clinopyroxene (e.g. Aoki, 1975) . The entire melt eventually completely solidifies around the 4 GPa equivalent depth, corresponding to the hydrous basalt solidus at $1200 C. The Hacker & Abers (2004) Excel worksheet gives V s ¼ 3Á9 km s -1 for a cumulate of 90% cpx þ 10% phl, in agreement with what is observed just above the LAB of the main CP (Fig. 6b) .
In addition, a low-V s domain appears centred on the axis of the main CP, just below the crust and down to a depth of $80 km. This ranges between 3Á8 and 4Á1 km s -1 with respect to surrounding velocities, which vary between 4Á2 and 4Á4 km s -1 . Again, this marked velocity contrast (up to $10%) must result from the physical properties of mantle minerals, and only hydrous phases can produce such a dramatic effect on seismic velocities (Hacker & Abers, 2004) . The mineral assemblages of cumulate xenoliths derived from depths equivalent to < $2 GPa pressure below the TIP may in fact be consistent with such seismic velocities (see Fig. 13a for their location), and therefore we used the modal mineral proportions evaluated by Rajabi et al. (2014) and Su et al. (2014) for cumulate and pyroxenite mantle xenoliths, respectively, and incorporated them in the Hacker & Abers (2004) Excel worksheet. The estimated V s reaches 3Á9 km s -1 for cumulates originating from the base of a thick crust ($1Á5 GPa equivalent pressure) at 600 C, and 4Á3 km s -1 for mantle xenoliths at $2Á2 GPa and 1000 C. These values are equivalent to those of the S-tomography map ( Fig. 6b ; Motaghi et al., 2015) .
Specific case below the Greater and Lesser Caucasus
The vertical tomography section across the Arabian plate to the Scythian platform displays three CPs ( Fig. 6a ; Koulakov et al., 2012) . The southern CP is located below the Lesser Caucasus and intrudes the overriding lithosphere over an $150 km wide region, and eventually reaches the surface below the Ararat volcano. A further $200 km to the north, a second CP partly intrudes the lithosphere and reaches the surface by a narrow conduit connected to the Kazbegi volcano. The third CP occurs below the 150 km thick Scythian lithosphere. The P-wave velocity (V p ) contrast between the central part of these CPs (at $200 km depth) and the surrounding mantle is 8%, a value similar to that found in East Iran, and thus probably results from the presence of melt. At shallower depths (less than 60 km), the contrast in velocity between the intruded CP material and the lithospheric mantle reaches 11%. From the Hacker & Abers (2004) Excel worksheet, V p calculated for cumulate and pyroxenite mantle xenoliths varies between 7Á2 and 7Á6 km s -1 , whereas it reaches 8Á2 km s -1 and 8Á3 km s -1 for garnet harzburgite and eclogite, respectively. Accordingly, the observed seismic velocities at lithospheric depths may be explained by partially molten mantle and/or cumulate and pyroxenite mantle xenoliths. They can be interpreted in terms of the intrusion of hot asthenosphere at these depths; mantle at a temperature of at least $1300
C (e.g. Pilet, 2015) cannot produce the observed alkaline basalts. In contrast, a cooler temperature is consistent, together with the solidus of vapor-saturated mantle (i.e. $1000 C at 2 GPa), and is able to produce such magmas.
Central Anatolia
Vertical tomography sections ( Fig. 6c and d) show that V s ranges from 4Á1 to 4Á5 km s -1 below Central Anatolia, a value 10% greater than below East Iran. Such a difference could be explained either by a scaling difference between the tomographic models or by a greater volume of hydrous solid phases and/or melts. Figure 5a and b displays seismic velocities at 150 and 60 km depth after Fichtner et al. (2013) . The 60 km deep low-velocity domain essentially consists of a strip less than 100 km wide oriented SE-NW, which follows the Central Anatolian Thrust Belt (CATB , Fig. 5a ); in the orthogonal direction, this low-velocity domain appears patchy (shown in Fig. 5b) , and between these directions, highvelocity zones appear, which correlate with sedimentary basins (e.g. Salt Lake and Sivas Basin, Fig. 5b) . The maximum velocity contrast between low-and high-velocity domains again represents $10%. Henceforth, we deduce that the low-velocity zones at 60 km depth reveal the specific presence of volatile-rich melts and/or hydrous minerals.
It is important to note that the 60 km deep low-velocity domains appear connected to the 150 km deep ones, which have a greater extent (i.e. >200 km) and can be identified on the 150 km depth contour map, Fig. 5a (Fichtner et al., 2013) . We deduce that the melts and/or hydrous minerals at lithospheric depths are fed by the underlying CPs.
According to Kind et al. (2015) the mean thickness of the lithosphere in Central Anatolia is $70 km, indicating that the low-velocity domains at 60 km depth probably represent areas where the Central Anatolia lithosphere is thinner, whereas the high-velocity domains at 60 km depth relate to a significantly thicker lithosphere, essentially devoid of hydrous minerals. This interpretation is consistent with the presence of sedimentary basins above these domains, which could simply result from isostatic equilibration. This explanation does not rule out previous interpretations of these Oligo-Miocene sedimentary basins as resulting from post-collisional tensile tectonics inducing crustal-scale thinning (Francois et al., 2014; Gö gü s¸et al., 2017) .
East Anatolia
In East Anatolia, the variation in surface-wave velocity anomalies at 75 km depth reaches an amplitude of 12%, but drops to 4% at 140 km depth (see fig. 9 of Skobeltsyn et al., 2014) . In particular, the high-velocity mantle domain between 125 and 200 km depth has been interpreted as a detached slab-like body located below the most active volcanoes (e.g. Suphan; Pearce, 1990; Keskin, 2003) . This body displays a V s anomaly excess of 4% at 125 km depth, which decreases to 2% at 200 km depth (Skobeltsyn et al., 2014) . These latter values do not require significant partial melting or the presence of hydrous minerals. Therefore, this high-velocity body may simply result from a temperature contrast with its surroundings, decreasing from 400 C at 125 km depth to 200 C at 200 km depth. However, the -12% contrast in mantle velocity at 75 km depth and above this cold body is still best explained in terms of the presence of melt and/or hydrous minerals.
How CPs delaminate the overriding lithosphere
The above analysis of tomographic images indicates that the collision of CPs with the overriding lithosphere leads either to its delamination over a domain a few hundred kilometers wide (e.g. through Central Anatolia and the Lesser Caucasus) or to narrow intrusions of volatile-rich melts or hydrated solid materials above the CP axes (e.g. East Iran and Greater Caucasus). Two conditions characterize zones of lithospheric delamination. First, GPS data (Masson et al., 2014) show that over supposedly delaminated domains, the (r ! 1 ,r ! 2 ) plane is oriented vertically (i.e. a tensile stress field). In contrast, narrow intrusions correlate with a compressional state of stress at the surface.
Domains prone to lithospheric delamination coincide with areas where the crust is anomalously thick and/or hot, which have been attributed to post-collisional extension (Gö gü s et al., 2011; Francois et al., 2014) . It is important to note that the East Iran region, in contrast, displays a relatively low heat flux and low topography, indicative of a cold crust (e.g. Motavalli-Anbaran et al., 2011) .
Whatever the crustal temperature and stress field, the huge buoyancy of the CPs should ultimately lead to the delamination of the overlying lithosphere. Generally, destabilization of continental lithosphere by negative Rayleigh-Taylor instabilities typically requires several tens of million years (Houseman & Molnar, 1997) . The collision of CPs with the East Iranian lithosphere may well have led to its delamination within several tens of million years, whereas below Central Anatolia and the Lesser Caucasus such delamination seems to have occurred much faster. A stability analysis (Rigo et al., 2015) demonstrated that buoyant asthenosphere can diapirically intrude an $100 km thick stretched lithosphere within a few hundred thousand years if (1) the tensile stress regime within the lithosphere exceeds its failure threshold, (2) the lithosphere has a purely plastic rheology when it reaches its yield strength, (3) the mantle lithosphere is at least 1% denser than the underlying asthenosphere, and (4) the crust is rheologically decoupled from the mantle lithosphere. This may explain the 100-150 km wide intrusive mantle horizon below both the Lesser Caucasus and Central Anatolia. However, this scenario cannot apply to the Greater Caucasus, which is reported to be in horizontal compression (e.g. Masson et al., 2014) .
Interaction of mantle-derived melts with the lithosphere
According to our model, the UK, sodic-HK and sodic-LK melts originate from CPs via dyking events that successively occur at 8 GPa, 6Á5 GPa and 4 GPa, during stages 1, 2 and 3 respectively. In the following, we describe our understanding of melt pathways before and after the collision of the CPs with the overlying lithosphere.
Melt pathways during the collision of CPs with the overlying lithosphere
The probability for dykes rising from the top of the CPs at about 150 km depth to reach the base of the lithosphere increases at the borders of the CPs with respect to their centers (Fig. 9) ; this is due to the upward flexural bending of the competent (and elastic) continental lithosphere pushed from below by the buoyancy of a CP, which induces horizontal compression immediately above the axis of the CP, and horizontal tension $100-200 km away (Gerbault et al., 2017) . Accordingly, melt accumulates in elliptical zones at the edges of CPs trapped at the LAB, the thickness of which decreases at their borders with respect to their center. Thereafter, melts will pond as sills within the lithosphere or propagate all the way up to the surface, depending on the tectonic stress. This process of melt focusing at different depths thus depends on the local stress field resulting from the combined effects of the transient visco-elastic response of the lithosphere above CPs and the 'far-field' tectonic stress, such as, for instance, tectonic compression through East Iran or tectonic extension through Central Anatolia. A complex local state of stress at different depth levels may explain why in both East Iran and Central Anatolia, despite their 'opposite' state of far-field tectonic stress, lavas at the surface eventually appear at the borders of the identified underlying CPs.
What happens to melt pathways at the axis of CPs? In the following, we consider two tectonic situations, one where there is no delamination of the overlying lithosphere (e.g. East Iran and the Greater Caucasus) and one where there is delamination (e.g. the Lesser Caucasus and Central Anatolia).
No delaminating lithosphere. The underlying CPs vertically compress the viscous portion of the lithosphere as a subsequent response to the horizontal compression induced by flexural elasticity (Gerbault et al., 2017) . Because these regions are also under tectonic horizontal compression, the stress field probably rotates by 90 , at some depth above the base of this visco-elastic lithosphere. The elastic thickness of continental lithosphere (e.g. Burov & Watts, 2006 ) strongly depends on its composition, thermal state and stress state. For the TIP, we may assume that it is about 85 km thick, corresponding to the 500 C isotherm [as deduced by Burov & Diament (1995) for the Himalayas]. Accordingly, it can be expected that the last sequences of ponding dykes (stage 3, Fig. 9 ) occur just above the base of this competent visco-elastic lithosphere, with local variations that depend on its state of stress, based on tomography observations from East Iran or the Greater Caucasus indicating that the accumulation of hydrous materials also occurs at shallower depths near the Moho interface. We propose that slowly developing 'reactive elasto-plastic channels' related to the infiltration of melts from the base of the competent lithosphere may eventually percolate upwards and interact with the mantle lithosphere and the crust before reaching the surface (e.g. Keller et al., 2013) . Such mechanisms are consistent with the geochemical characteristics of lavas in the Greater Caucasus, which are affected by shallowlevel processes (e.g. crustal contamination and fractional crystallization; Lebedev et al., 2003) .
Delaminating lithosphere. As mentioned above, lithospheric delamination may occur quasi-instantaneously in comparison with the conductive characteristic time of the lithosphere (i.e. a few hundred thousand years versus several million years). Henceforth the intruded melt or hydrous solid-phase material may have a temperature close to that of the vapour-saturated mantle solidus at 4 GPa (1200 C), resulting in softening of the surrounding mantle. We invoke the Kaislaniemi et al. (2014) numerical modelling applied to the TIP to explain how small convection cells within water-saturated mantle may erode the overlying lithosphere. Although this model explains lithospheric delamination, it still remains difficult to apply to the TIP, as it requires temperatures of 1300 C at the LAB depth that those researchers chose (i.e. 90 km), which is too elevated to produce the alkaline magmatism observed at the surface. In the model of Kaislaniemi et al. (2014) , small convection cells can develop owing to a high temperature combined with a water-saturated mantle rheology. Actually, such convection cells, which allow lithospheric delamination, should still be able to develop under a cooler thermal regime with an even softer rheology, which would indeed better represent phlogopite-bearing hydrated mantle material.
TIP volcanism owing to the development of CPs or 'post-collisional processes'?
The main argument against the role of post-collisional or subduction-related processes in the generation of extensive alkaline magmatism throughout the TIP during period 4 (the last 25 Myr) is that all models require hot upwelling asthenosphere, associated with slab break-off (Keskin, 2003; Agard et al., 2011) or slab tearing (Jolivet et al., 2013) . Similarly, lithospheric delamination resulting from orogenic crustal thickening also leads ultimately to its replacement by hot mantle up to the base of the crust (Keskin, 2003; S¸engö r et al., 2003; Keskin et al., 2005; Ö zacar et al., 2008; Francois et al., 2014) . However, we have shown above that the alkaline magmatism observed throughout the TIP requires a low temperature in the mantle. An alternative explanation for the formation of alkaline melts at a standard temperature of 1300 C at the LAB would be to require the LAB to be located at 150 km depth (e.g. Pilet, 2015) . Such a thick mantle lithosphere is in fact compatible with the McKenzie & Priestley (2016) model of a doubled lithospheric thickness resulting from the collision of the Arabian and Indian continents with Eurasia, which subsequently thins to its initial thickness during post-collisional extension. However, this is in contradiction with geophysical data indicating that below Central Anatolia, East Anatolia and the Lesser Caucasus the lithosphere is actually thin. If temperatures were high below such a thin lithosphere, then melting of the shallow, hot, convecting sub-lithospheric mantle would erase any signature of low-degree melts at the surface. Our alternative explanation of cold-wet sublithospheric CPs therefore provides a more consistent mechanism for the distribution of alkaline magmatism throughout the TIP.
In the Lesser Caucasus where alkaline magmatism has been interpreted as a result of lithospheric delamination (e.g. Neill et al., 2015) , this delamination may not necessarily relate to post-collisional processes, but can also be directly linked to underlying CPs. In the Kurdistan province, Allen et al. (2013) linked the geochemistry of sodic-HK lavas to the occurrence of richterite in their source, which they related to the presence of a thick lithospheric mantle beneath the Zagros Suture. However, sodic-HK lavas also occur away from the Zagros Suture zone where the lithosphere is not thick (e.g. Damavand volcano), and in both cases these sodic-HK lavas are located near the borders of CPs (Figs. 5c and 13a ), indicating that they might in fact rather be linked to these underlying CPs instead of a thickened lithospheric mantle.
Amongst all reported magmatism, the only place where there is an obvious relationship between young volcanism and orogenic processes (e.g. descending slab, slab break-off) is East Anatolia (e.g. Keskin, 2003; Keskin et al., 2005) . However, the fact that the lavas here have a composition similar to sodic-LK lavas from the surrounding regions (e.g. below the Lesser Caucasus) and that they are associated with a deep low-velocity zone located at $450 km depth (Lei & Zhao, 2007) , further supports the argument that a similar process of migrating CPs can explain the volcanism.
BACK IN TIME TO DECIPHER CP ACTIVITY
The subduction history of the Tethys Ocean beneath the TIP provides a natural argument to link magmatic events to classical subduction-related processes. Interpretation of continental arc magmatism for period 1 can be straightforward owing to (1) linear structures parallel to the Zagros Suture (SSZ in Fig. 1 ) and (2) consistency with the characteristics of classical arc-related calc-alkaline magmatism (i.e. I-type granitoids). However, the main problem in the TIP is to interpret the origin and source characteristics of continental magmatism after the emplacement of ophiolites at $80 Ma (periods 2, 3 and 4), when the timing of the ArabiaEurasia collision remains controversial.
A long-standing assumption has been that subduction was active during period 3 (e.g. McQuarrie et al., 2003; Agard et al., 2005 Agard et al., , 2011 Vincent et al., 2005; Verdel et al., 2011) . The above-cited researchers linked the origin of arc-like magmatism in this period to mantle wedge processes; for example, cold and hydrated plumes rooted at the slab-mantle wedge interface (Castro et al., 2013) , a hydrated mantle located at the top of a flat slab in an extensional arc setting (Verdel et al., 2011) , or back-arc basin dynamics (Vincent et al., 2005) . On the other hand, many studies have noted that arc-like continental magmatism is not necessarily linked to an active subduction zone (Hawkesworth et al., 1995; Hooper et al., 1995; Wang et al., 2016) . These studies have suggested that classical arc magmatism (i.e. calcalkaline magmatism) may be better explained by lithospheric extension or decompression melting of subcontinental lithosphere metasomatized by MTZ-derived fluids. Moreover, we should recall that the most arc-like volcanic rocks in period 3 have potassic and adakitic signatures, which are also found during period 4, and were previously attributed to post-collisional processes (Jahangiri, 2007; Omrani et al., 2008; Ghorbani & Bezenjani, 2011; Shabanian et al., 2012; Azizi et al., 2014; Ahmadian et al., 2016; Ghalamghash et al., 2016) . When we extend the above reasoning to the entire TIP, we must question whether arc-like magmatism is necessarily related to mantle wedge processes associated with an active subduction zone.
Back in time and traces of CP-derived melts
Since at least the Cimmerian orogeny ($200 Ma), various subducted lithospheric fragments would have continuously ponded in the MTZ and cooled the upper mantle. In the MTZ, enrichment in CO 2 and H 2 O in these essentially harzburgitic slabs would have made their partial melting and differentiation possible, subsequently forming CO 2 -and H 2 O-enriched diapirs within about 10 Myr (Motoki & Ballmer, 2015) . This timing indicates that the development of CPs, their migration and their collision with the subcontinental lithosphere is possible only when neighbouring orogenic systems reach a pivotal period when sufficient differentiation of subducted material renders the upper part of the MTZ diapirically unstable. We are able to understand these processes in the TIP area because they happened during the last 10 Myr and because the nature and distribution of the magmatism can be directly related to tomographic images and the present-day tectonic stress field. But what happened before?
Based on previous geochemical and petrological studies, both old volcanic and plutonic rocks display a large variety of compositions. Figure 14c summarizes the correlation of magmatic events with age. From the literature, different magmatic events seem to display variable compositions, but when we look closely at the data, we can identify an important bias owing to the different classification schemes being used by different researchers. Actually, in a total alkalis (K 2 O þ Na 2 O) versus SiO 2 diagram the data plot along or above the alkaline trend (Fig. 14a and b) . Thus, the alkali contents of all these rocks represent a common feature. We use our proposed model to check if melts derived from CPs could also provide an acceptable explanation for older magmatic rocks up to 80 Ma.
Volcanic rocks
The volcanic rocks of the TIP are classified as alkaline sodic (e.g. Verdel et al., 2011; Yeganehfar et al., 2013; Aghazadeh et al., 2015) and potassic, or high-K calcalkaline lavas (e.g. Asiabanha & Foden, 2012; Aghazadeh et al., 2015) . The most primitive high-K calcalkaline lavas are clearly different from classical calcalkaline suites, with low SiO 2 contents and highly alkaline affinities (e.g. Asiabanha & Foden, 2012 Table 2 ).
mixing of high 143 Nd/ 144 Nd and low-K 2 O melts with a crustal component (Asiabanha & Foden, 2012) .
Similar to the young lavas, the majority of the older sodic lavas are characterized by low K 2 O (< $2 wt %) and SiO 2 (47-55 wt %) contents and plot within the sodic-LK lavas field. Only few lavas ($80 Ma) have lower SiO 2 (42Á5 wt %) and higher K 2 O (1Á8-7Á1 wt %) contents, and plot in the sodic-HK lavas field, displaying 'OIB-like' trace element patterns. Similar to young sodic-LK and -HK lavas (Fig. 3b) , their origin has simply been interpreted as asthenospheric depth derived melts (Verdel et al., 2011; Aghazadeh et al., 2015) .
Plutonic rocks
Magmatism older than 11 Ma is mainly represented by plutonic rocks, particularly from 23 to 80 Ma, in contrast to the alkaline magmatism younger than 11 Ma, which is characterized by the absence of plutonic rocks. The plutonic rocks have been divided into ferroan (A-type), potassic and infracrustal (I-type) high-K calc-alkaline granitoids (e.g. Boztu g et al., 2007; Dargahi et al., 2010; Karsli et al., 2012b; Castro et al., 2013; Kananian et al., 2014; Nabatian et al., 2014; Ahmadian et al., 2016; Moritz et al., 2016) . The chemical characteristics of the granitoids are more complex than those of the volcanic rocks because their parental magmas experienced a variety of processes, including fractional crystallization (Karsli et al., 2012b; Castro et al., 2013; Kananian et al., 2014; Nabatian et al., 2014; Ahmadian et al., 2016) . However, all studies strongly argue for hybrid melt origins, among which a mantle-derived component essentially explains their high alkali content and their diversity in terms of trace elements and Sr-Nd isotope ratios.
A-type granitoids: combination of an alkaline melt and continental crust. Among the 23-80 Ma plutons, Atype granitoids have high 87 Sr/ 86 Sr (up to 0Á7135), which positively correlates with SiO 2 , and have Y/Nb ratios >1Á2, which generally indicate involvement of crustal components (Eby, 1990 (Eby, , 1992 . A-type granitoids from the TIP (Fig. 13b ) could result from a simple hybridization process between fractionated sodic-LK lavas and crustal melts (Fig. 12d-f ). The sample with the lowest 87 Sr/ 86 Sr (0Á7051) and SiO 2 (50Á76 wt %) content has a low K 2 O content (2Á68 wt %), high Na 2 O content (3Á52 wt %) and high 143 Nd/ 144 Nd (0Á5127), similar to the more recent sodic-LK lavas (Fig. 12) . This is in good agreement with the general scenario explaining their origin: they would originate from a mantle-derived alkaline melt that underwent, or not, crustal assimilation processes as well as compositional changes during efficient fractional crystallization (Boztu g et al., 2007; Karsli et al., 2012a) .
Potassic granitoids: lithospheric depth processes. Potassic granitoids rocks are numerous from $25 to $60 Ma. Interestingly, these granitoids have a composition distinguishable from that of the 100-200 Ma I-type granitoids from the Sanandaj-Sirjan Zone (SSZ parallel to the Zagros Suture, Fig. 1); for example, the most mafic potassic plutonic rocks have higher amounts of total alkalis and are clearly distinct from the SSZ plutonic rocks (Fig. 14b) . On the one hand, detailed petrological studies show that all these potassic rocks originated from mantle sources enriched by additional phases (see Castro et al., 2013; Kananian et al., 2014; Ahmadian et al., 2016; Moritz et al., 2016) . As mentioned above, alkaline melt-mantle rock interaction could lead to the formation of phlogopite at lithospheric depths. Partial melting of such phlogopite-bearing mantle lithosphere can explain the high K 2 O and SiO 2 contents of the potassic plutonic rocks (Fig. 11b) The potassic character also broadly appears in high-K I-type granitoids from 37 to 47 Ma (Figs 13b and 14) . Experimental studies show that high-K I-type granitoids derive only from partial melting of hydrous, potassiumrich, meta-igneous rocks (Roberts & Clemens, 1993) , whereas I-type granitoids have a calc-alkaline affinity and originate from partial melting of older metaigneous rocks in continental arc settings (Chappell & Stephens, 1988) . Because of their low K 2 O contents, metabasalts in all kinds of crustal metamorphic terranes are an unsuitable source for high-K I-type granitoids.
In summary, the volcanic rocks from the TIP older than 11 Ma are essentially TK and sodic-LK in composition, with a minority of sodic-HK compositions. The young (<10-11 Ma) HK and sodic-HK lavas are found to border low-density CP domains, whereas sodic-LK lavas are rather located immediately above CP domains. These correlations between lava chemistry and the development of CPs may also apply to volcanic rocks older than 11 Ma, as (1) they have comparable characteristics to younger lavas and (2) the longstanding history of subduction throughout the TIP supports a long-standing development of CPs from the MTZ. When considering the small number of old volcanic rocks available for study, it should be noted that old lavas erupted at the surface have a high probability of being destroyed by surface erosion processes. Most of the remaining plutonic rocks therefore result either from the re-melting of metasomatized initially competent mantle lithosphere located above CPs or from CPderived melts influenced by secondary processes at shallow depths (e.g. mixing or interaction with the crust). Our proposed scenario requires a critical overview of petrological studies of the older magmatism. Particularly in the case of the TIP, extrapolation of our proposed interpretation of the young magmatism to older magmatism suggests an alternative general explanation of the alkaline fingerprints of magmatism in an orogenic context, without necessarily involving active subduction processes.
CONCLUSIONS
There is a consensus that subducting slabs play a major role in the transport of C-O-H-bearing phases into the mantle wedge and down to the MTZ. Because of the positive buoyancy of such hydrated and carbonated mantle within the MTZ, diapirs may develop after some time and transport these elements back into the overlying olivine stability field, where melts produced by decompression melting of the mantle are volatile-rich. As these volatile-rich melts progressively form a connected network at extremely low concentrations, a compaction process initiates and leads to the formation of melt-rich pockets. They may constitute the 100 km size low-velocity areas imaged by seismic tomography below the TIP, which we call CPs (Compaction Pockets). Actually, these structures probably correspond to 'magmons', which have been modelled by geophysicists working on melt-mantle compaction processes and have been observed by field geologists in mantle outcrops (smallsize CPs), but have never been identified until now in the present-day mantle by seismologists.
For values of mantle physical properties consistent with what we know from experimental petrology and rock mechanics, the model that we propose here satisfactorily reproduces the formation of such CPs of size $160 km Â 80 km, if we consider that mantle viscosity is not sensitive to low amounts of inter-granular melt ($1% in volume) and if the volatile-rich melts themselves have a very low viscosity (allowing them to segregate easily from the matrix). In that framework, the dynamics of CPs require an upward obstruction to melt percolation, which would arise from the precipitation of hydrated and carbonated mineral phases accumulating at their leading head. When melt concentration progressively increases in the CPs, the weight of the connected melt column integrated over the height of the CP increases, and the driving effective pressure rises. Because of the large size of these CPs and the large density contrast between the volatile-rich melts and the surrounding mantle, this effective pressure can reach a few hundred megapascals, triggering melt extraction by dyking.
Such a model may apply to any problem associated with the migration of volatile-rich melts, such as, for instance, in the mantle wedge above an active subduction zone. In the present study, we applied it to the migration of volatile-rich melts through the upper mantle below the TIP. Based on large-scale tomographic models and seismic reflection data, we propose that volatile-rich diapirs root at the top of the MTZ in an area about 600 km wide located between the Greater Caucasus and the Bitlis-Zagros Sutures. The analysis of tomographic models down to 300 km depth leads to the identification of various CPs underlying the Turkish-Iranian lithosphere. According to our model, the development of these CPs starts with the precipitation of richterite between 8 and 6Á5 GPa at T $1300 C. Such conditions provide a strong constraint on mantle temperature below the TIP; that is, $100 C lower than typical continental domains. Such a condition is consistent with long-lived subduction processes ($200 Myr), which probably cooled the upper mantle beneath the TIP and eventually maintained the thermal stability of the continental lithosphere over time. Finally, we show that magmatic provinces throughout the TIP systematically occur above the edges of CPs where the lithosphere is in horizontal extension, or above the central domain of a lithosphere block that has been delaminated by a CP. Our model explains why the volcanic fields that crop out at the border of the CPs display rare UK and sodic-HK, but frequent sodic-LK melts, which rise via three series of dyking events that developed at $240, $195 and $135 km depth. In addition, the model explains the presence of UK melts with low SiO 2 and extremely high K 2 O and trace element contents in an orogenic belt (e.g. lamproites). The occurrence of such uncommon mantle-derived melts, sourced from extremely depleted mantle that has been enriched via subducted sediments, has not been explained before by any realistic physical model.
Another consequence of our model is the ponding and the eventual solidification of the UK and sodic-HK and sodic-LK melts inside the competent lithosphere above CPs. Plutonic outcrops that give access to part of the magmatic activity of the TIP prior to 23 Ma possibly result from the re-melting of the metasomatized competent lithosphere and/or mixing between CP-derived melts. This explanation is very similar to previous interpretations of a mixed mantle source (e.g. metasomatized lithosphere and upwelling asthenosphere) to explain the compositions of older plutonic and volcanic rocks. The only difference is that the metasomatism of the lithosphere is not related to mantle wedge processes but to the development of CPs. As a result, the 'volatile-rich Compaction Pocket' model represents a robust new concept to explain continental alkaline magmatism throughout orogenic belts.
